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PREFACE 


The expansion of thè scope of electronics and its recent introduction 
into many branches of industry is due, to a large extent, to thè advent 
of thè semiconductor. Are thè principles of these new elements so dif- 
ferent from thè equivalents required for thè study and setting up of 
electronic circuits employing vacuum tubes? 

Semiconductors do indeed differ from vacuum tubes in principle, but 
also in thè terminology employed to define thè various parameters. 
Besides, thè ability to follow thè extremely rapid evolution of this 
technique demands from thè specialist perfect knowledge of thè language 
and a “pattern of thinking” based on thè study of physics and electronics 
with reference to semiconductors. 

The interpretation of thè terms used does not offer any special problems 
when dealing with voltage or current but, on thè other hand, thè use 
of characteristic curves or thè choice of parameters required for thè 
calculation of a stage confronts us with problems that cannot be solved 
by means of thè habitual logie developed in thè study of tube circuits. 
The aim of this work whose main care has been to avoid mathematical 
demonstrations, is to illustrate thè fundamentals, either by physical 
explanations or by thè very frequent use of graphs, to thè extent required 
for thè application of semiconductors in thè most favourable conditions. 


June, 1963 


G. F ONTA INE 
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PART ONE 


Physical phenomena 
in semiconductors 



CHAPTER 1 


General considerations 

1.1 Characteristic properties of semiconductors 

Semiconductors are distinguished from other materiate (conductors or in- 
sulators) by thè following properties: 


a. Resistivity 

The resistivity of a conductor is of thè order of IO -6 to 10“ 5 fl.cm, that 
of an insulator on thè other hand is of thè order of IO 6 to IO 8 Q. cm, while 
thè resistivity of a semiconductor lies between 10~ 3 and IO 7 f2.cm. 

The resistivity of a conductor increases very slightly in proportion to thè 
temperature (Fig. 1). On thè other hand, thè resistivity of a semiconductor 
decreases exponentially with increasing temperature. (Fig. 2). As a result, 
in contrast to a conductor, a semiconductor will conduct better when hot 
than when cold (negative temperature coefficient). 


b. Photoconductivity 

By photoconductivity we understand thè property by which a body offers 
a smaller or larger resistance to thè passage of an electric current, depending 
on thè illumination to which it is exposed. Photoconductivity can be de- 
monstrated with thè aid of thè circuit given in Fig. 3. Conductors do not 
show this property at all (Fig. 4); on thè other hand, thè resistivity of a 
semiconductor decreases exponentially with thè illumination applied to it. 
(Fig. 5). 


c. Rectification 

Rectification is that property of a body whereby it offers a low resistance 
to an electric current in one direction and a high resistance in thè other 
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direction. This property can be demonstrated with thè aid of thè circuits 
in Figs. 6 and 7. 

metal point contact on a conductor always results in thè conductivity 
both directions being equal (Fig. 8), but a metal point contact on a semi¬ 
conductor will give different conductivities, depending on thè direction of 
thè voltage which is applied to thè poles. (Fig. 9). 
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CHARTER 2 


Definitimi 


Semiconductors belong to groups of elements which have a low conductivity, 
but whose conductivity increases in thè presence of certain impurities, and 
similarly increases with temperature. 


2.1. Structure 

Let us consider a germanium atom (Ge). This can be regarded as consisting 
of a nucleus, with electrons describing circular paths around it, distributed 
in 4 shells, as in Fig. 10: 2 electrons in thè first shell, 8 electrons in thè 
second shell, 18 electrons in thè third shell, 4 electrons in thè fourth shell. 
The atom formed in this way is electrically neutral, that is, thè negative 
charges to be ascribed to thè electrons completely cancel thè positive charges 
on thè nucleus. 

For thè sake of clarity we will represent thè germanium atom by a nucleus 
round which move only thè four electrons of thè fourth shell (Fig 11). 
These four valency electrons form thè four covalent bonds of thè germanium 
atom. This is also true of some other elements, such as carbon (in thè 
crystalline form occurring in diamonds) and Silicon. 


2.2. Bonds between two germanium atoms 
Let us assume that A and B are two germanium atoms. Fig. 12 shows that 
thè bond between these two atoms is obtained by thè linkage of thè two 
valency electrons a ± and b z . Thus we see that each bond takes up one valency 
electron from each atom. As a germanium atom only has four valency 
electrons, it can only be linked with four other germanium atoms, and all 
these will be at thè same distance from thè first atom and from each other. 
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2.3. Molecular structure 

When all possible bonds, each formed by a pair of electrons, bave been 
completed, thè crystal structure is complete. (Fig. 13). For thè sake of 
clarity, we will represent thè crystal structure in a simple manner in one 
piane (Fig. 14). In this figure, thè nuclei are represented by thè large dots, 
thè valency electrons by thè small dots, and thè bonds by two linked valency 
electrons. The figure shows clearly how an atom is linked to each of thè 
neighbouring atoms by one of these valency electrons, so that all thè bonds 
are present, and all thè charges on thè nucleus are neutralized. 

We see that there are no free “charge carriers” (free electrons), so that it is 
impossible for an electric current to flow. The germanium crystal can thus 
be regarded as a perfect insulator. The above considerations refer to pheno- 
mena which occur at a certain temperature, that is at absolute zero (-273°C); 
at this temperature there is complete equilibrium. 

2.4. Ways in which equilibrium can be disturbed 

The equilibrium can be disturbed, either by raising thè ambient temperature 
above -273° C, or by thè energy which is radiated by a source of light, or 
by radiation of a stili higher frequency (X-rays, a-, /S-, y-radiation, etc.). 

2.5. Increase of temperature 

Heat causes molecular vibrations which tend to disturb thè arrangement 
of thè atoms. This thermal energy causes thè atoms to vibrate, which means 
that thè nuclei move altemately away from each other and towards each 
other; separation of thè atoms can lead to a bond being broken. This 
results in thè liberation of an electron, and thè disappearance of thè bond. 
The electron becomes a free electron, while thè germanium atom is one 
negative charge short. (Disappearance of thè valency electron). We will 
represent thè absence of thè negative charge as thè presence of a positive 
charge, termed a “hole”. 


- 15 - 



This effect is represented in Fig. 15. The free electrons make it possible 
for an electric current to flow; thè conduction of electric current by “holes” 
is not so easy to represent. 

2.6. Conduction by holes 

The holes appear to move in thè opposite direction to thè free electrons, 
and at about thè same velocity. 

Let us assume that an extemal voltage source produces an electric field 
in thè crystals. (Fig. 16). This field forces a valency electron (b) which has 
been liberated by thè thermal effect, to “fall” into a “hole” (A); thè electron 
recombines with thè hole represented by thè incomplete bond, and a new 
hole ( B ) is produced. The same field forces thè valency electron (c) to fall 
into thè hole ( B ), thus bringing about thè recombination of bond (2?) which 
has just been broken, while a new hole (C) is produced. This process de- 
velops further and further (valency electron (d) and broken bond (D)). The 
movement of thè holes is thus due to thè restoration of bonds between 
atoms. 

Fig. 16 shows that thè movement of a hole really amounts to thè movement 
of valency electrons in thè direction of thè electric field. The holes appear 
to move in thè opposite direction to that of thè electric field to which they 
are exposed. 

Note 

The reader’s attention is drawn to thè fact that in contrast to thè conven- 
tional method of regarding electric current in which it is assumed that 
current flows from thè positive pole to thè negative pole outside thè voltage 
source, thè direction of thè current in semiconductors is understood as thè 
direction of thè electron current, which flows from thè negative pole to 
thè positive pole outside thè voltage source. 

2.7. Conductivity in a block of germanium 

The conductivity of a block of germanium depends on thè number of free 
electrons and thè number of holes which are present, and on thè mobility 
of thè electrons and holes. There is always thè possibility that free electrons 
will recombine with incomplete bonds, so that thè number of free electrons 
and holes depends on thè equilibrium between thè rate at which such 
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electron-hole pairs are formed, and that at which they recombine. 
The rate at which free electrons and holes are formcd depends on thè tem¬ 
perature, and/or thè effects of radiant energy, while thè rate of recombination 
is determined amongst other thìngs by thè free electron density and thè 
hole density. Equilibrium ìs attained when thè rate of formation of free 
electrons and holes is equal to tlic rate of recombination, 

At a givcn temperature thè number of frcc cleetrons and mobile holes is 
Constant; this number increases wìth thè temperature. As these electrons 
determine thè conductivity of thè crystal, this also increases with temperature. 
Às will be explained later, thè negative temperature coefficient can give 
rise to difficulties (instability) at higher tcmpcratures. The conductivity of 
a block of pure germanium is small. In order to increase it, certain im- 
purities can be introduced into thè germanium in order to encourage thè 
production of holes. This does not result In bonds being broken, so that 
no electrons are liberated in thè process, 

We will now take a closer look at JV-t;ype germanium, as it is caìled, into 
which an impurity has been introduced vvhich cncourages thè production 
of frcc electrons, and at iMype germanium, which is contaminatcd in suoli 
a way as to encourage thè formation of holes. 

2,8. iV-type germanium 

Let us consider an atom of arsenic, Its gcomctrical dimensions are identica! 
with thosc of a germanium atom, so that it can be fìtted perfcctly into thè 
crvstal structure ot a block of germanium, As arsenic is pentavalent, we 
represent it by a nucleus round which five valency electrons move in thè 
fourth shell (Fig, 17), If we introduce an arsenic atom into a block of ger¬ 
manium, (see Fig. 18, in which thè arsenic atom is shown in green, and thè 
germanium atoms in black), we sec that thè impurity atom has one electron 
too many. Within thè crystal structure of thè germanium, thè arsenic atom 
can only bc linked to thè germanium atoms by means of four valency elec¬ 
trons, so that thè fifth electron, (a) remains linked to its nucleus. However, 
this bond is very weak. At absolute zero temperature, (-273° C), JV-type ger- 
maniuin is also a perfect insulator, since it does not contain a single charge- 
earrier (free electrons or holes), At room temperature, however, thè thermal 
motion is s ufficici! t to remove electron (a) from thè nucleus, and to turn 
it into a free electron (Fig. 19). 
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The conduetivity of A-typc germanium depends on thè electron density. 
Electrons are produced in two ways: 

1) By incorporation of impurity atoms into thè germanium crystal, where- 
by each of tliese atoms ìiberates one electron. 

2) By breaking thè bonds between germanium atoms. 

The number of free electrons which are formed by incorporation of im- 
punty atoms depends on thè extent to which thè germanium is “doped” 
by arsenic; by contrast, thè number of free elecxrons and holes which are 
produced by thè breakage of bonds between germanium atoms, is deter- 
mined by thè temperature, 

At room temperature all thè impuri ty atoms bave lost their fifth valency 
electron; it is true that thè conductjvity of a block of N-typo germanium 
increases with temperature, but to a lesser extent than that of pure ger¬ 
mani uni, In this case, thè impuri ty atoms are termed ‘‘dortor” atoms or 
simply “donors”. They do in fact give up one electron each to thè block 
of germanium. 

Under normal condìtions thè arsente atom is electrically ne utrai, because 
thè negative charge associated with the electrons is then equa! to thè positive 
charge on the nucleus, However, if the arsenic atom has lost its fifth valency 
electron, the state of equìlibrìum has been disturbed; the arsenic atom has 
lost pari of its negative charge, and has become positively ìonized, These 
donor atoms are firmìv held in the crystal lattice and cannot move about. 
As they ha ve lost their fifth valency electron at room temperature, the 
donors are electrically positive. The total positive charge on all the donors 
is e qual to the total negative charge on all the electrons which have been 
liberatedj so that the block of N-type germanium as a whole is electrically 
neutra!. This type of material is termed iV-type germanium* because its 
conductivity must be ascribed to negative charge carriers (free electrons), 
Af-type germanium is represented as shown in Fig. 20. 
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2.9. P -type germanium 

We will now consider an atom of indiani. Just as with an arsenic atom, 
thè geometrical dimensions of an indium atom are identica! with those of 
a germanium atom. Consequently it can be completely integrated iato thè 
crystal structure of a block of germanium. Since indium is trivalent, we 
can rcpresent it as a nucleus round which thrce valency etcctrons circle in 
thè fourth Shell (Fig. 21), 

U an indium atom is introduced into a block of germani um, we bave thè 
situation which is represented in Fig. 22, in which thè indium atom is 
shown in blue and thè germanium atoms in black. The indium atom be- 
comes incorporated in thè structure of thè crystal, but can only complete 
thrce bonds with germanium atoms. This incomplete structure gives rise 
to a ho le. At room temperature, thermal movement libcrates some of thè 
valency electron s which prò vide thè bonds between germanium atoms 
The se electrons fall into thè holes caused by thè presence of indium atoms, 
with thè result that new holes are produced (broken bond) at the place 
from which the liberated electrons carne. This effect is propagated continu- 
ously. (Fig. 23). 

The condnotivity of P -type germanium depends on the hole density, which 
can be produced in the foliowing two ways: 

1) by the incorporation of impurity atoms into the germanium crystal, one 
hole being produced for each impurity atom, 

2) By the breaking of bonds between germanium atoms. 

The number of mobile holes which are produced by incorporatìon of im¬ 
purity atoms depends on the extent to which the germanium is doped by 
indium, whìie thè number of free electrons and holes resulting from the 
breakage of bonds between germanium atoms depends on the temperature. 
At room temperature, all the impurity atoms bave gained a fourth electron, 
and the conductivity of the iMype germanium varies with temperature in 
the sanie way as that of A-type germanium. In this case the impurity atoms 
are termed “acceptor-atoms” or simply "acceptors”. They do in fact accept 
one electron each, The indium atom is originally electrically neutral, since 
the negative charge on the electrons is equal to the positive charge on thè 
nucleus. 


- 23 - 



Àssoonasa bond is formed between thè indium atom and a fourth valency 
electron from a germanìum atom, and thè indium atoin has accepted a 
fourth valency electron, thè balance of charges ìs disturbed* The indium 
atom now possesses an extra negative charge, and is ncgatively ionized* 
These acceptor atoms are held fast in thè crystal structure and canno! 
move about. If they bave obtained a fourth valency electron at room tem¬ 
perature, they become electrically negative. 

The block of P-type germani um itself is electrically neu trai, because thè 
total negative eharge on all thè acceptor atoms is equal to thè total positive 
charge on all thè mobile holes. 

The material is te mie d P-type germanìum because Its conductivity must be 
aseribed to what appear to be positive charge carriers (mobile holes), P-type 
germanìum is representcd as shown in Fig. 24. 

2.10. Representation of a block of pure germanium 

At room temperature, a block of pure germanium is represented schema- 
tically as shown in Fig. 25. Note particularly thè presence of a number 
of free electrons and of an equa! number of mobile holes. 

2. IL Conduction in a biock of JV-type germanium 

We will now investigate thè process of conduction in a block of TV-type 

germanium with thè aìd of thè Circuit of Fig. 26. 

a) Switch S open 

The block of iV-type germanium is again represented by means of thè syiri- 
bols explained ab ove, that is, thè electrically positive arsenic atoms and thè 
free electrons bave been exaggerated in size relative to thè germanium atoms. 
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b) Swìtch S cloaed 

The voltage V eauses an electric fìeld in thè block of germanium. If we re- 
present this fìeld as a force which acts from thè extemaì negative pole to thè 
positive pole of thè battery, and is of amplitudc E , thè free electrons in thè 
block of N -typc germanium will move in thè direction of this force. Current 
is condncted by thè movement of free electrons in thè direction of thè 
applied electric fìeld. The conductivity of thè material increases with thè 
number of free electrons (percentage of impnrity), so that outside thè battery 
thè (electron) current flows from negative to positive. 

C) Reversai of thè poiarity of thè battery 

If thè poiarity of thè battery is reversed as shown in Fig. 27, thè electric 
fìeld is also reversed. The free electrons will now move in thè opposite 
direction, and thè electric current outside thè battery will again ilow from 
negative to positive at thè sanie voltage, The amplitude of this current will 
again be equal to that which flowed in thè previous case, Consequently, 
it appears that no rectifìcation whatever occurs in a block of iV'-type ger- 
manium. 

2,12, Conduction in a block of P-type germanium 
To investigate thè process of conduction in a block of P-type germanium, 
we consider Fig, 28. 

a) Switch S open 

The block of P-type germanium is again rep re sente d by means of thè 
famiìiar symbols, that is with disproportionatdy large negative atoms and 
mobile holes* 

b) Switch S closed 

The block of P-typc germanium ìs now subject to an electric fìeld which 
we will represent by a force of amplitudc E acting inside thè crystal from 
negative to positive. 
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We will now examine thè phenomena which occur inside thè crystal, We 
will do this on thè basis of Fig* 29, which represents a small piece of F-type 
germanium. The bond of which electron (b) forms pari is broken, and under 
thè influence of thè field thè electron fìlls thè hole ( À ). Àt thè sanie ti me 
thè libcrated electron (c) falls into thè iioie (B); conduction within thè 
crystal is evidently due to thè movement of thè electron^ in thè direction of 
thè applied electric field (see “Conduction by holes” Page 16). This conduc¬ 
tion by valency electrons can he represented as conduction by positive holes, 
whereby thè latter move in thè opposite direction to that in which thè 
valency electrons move, that is in thè opposite direction to thè clcctric 
field* (The hole has moved from bond (A) to (C).) At side I, thè electrons 
which flow iato thè semiconductor crystal from thè connectìng lead fili up 
thè existing holes in thè crystah The opposite effect occurs at side II; thè 
holes come in contact with thè electrode and are filled up by free electrons, 
(coming from thè electrode itself and from thè leads connected to it), which 
are supplied by thè voltage sourcc. 

Conduction in a block of F-type germanium increases with thè number 
of holes (percentage of impurity); outside thè battery thè electric currcnt 
thus fio ws from thè negative poi e to thè positive pole. To sìmplify further 
explanation, we will represent this as a movement of mobile holes from thè 
positive electrode I to thè negative electrode TI, 

e) Reversai of thè polarity of thè battery 

Reversai of thè polarity of thè battery gives thè situation shown in Fig, 30. 
The electric field is re ver se d, and thè holes move in thè opposite direction to 
that in which they moved in thè previous case. The electron currcnt outside 
thè battery again ffows from thè negative to thè positive polc, thè magnitude 
of this current being thè same as that which flowed in thè previous case 
at thè same voltage. 

Conscquently, no rectification whatever occurs in a block of F-typc ger- 
manium* 
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2.13. Conduction in a block of pure germanium 

Fig. 31 represents thè Circuit for this case. 

a) Switch S open 

At a certain temperature, thè block of germanium contains free electrons 
and mobile holes. Rdativeiy speaking, there are far fewer charge carriers 
- free electrons and mobile holes - than there are in A^type germamum 
or iMype germanium. 

b) Switch S closed 

The battery V produces an electric field in thè block of germanium. The 
free electrons will move in thè direction of this field, and thè holes in thè 
opposite direction; eonsequently a current will fiow round thè circuit. With 
thè same voltage, this current will be much stnaller than that in thè previous 
cases, because thè conductivity of thè block of germanium depends of 
course on thè number of charge carrìers present. Conduction is due, to an 
equal extent, to both holes and free electrons. 

If we reverse tire polarity of thè battery, a current of thè same sìze will 
fiow through thè circuii, but in thè opposite direction, {Fig 32), Consequent- 
]y, just as in a block of AMype germanium or F-type germanium, no reetifi- 
cation effecl whatever occurs in a block of pure germanium, It is evidem, 
then - as far as conduction is concemcd - that neither direction is preferred, 

2.14, The PA^junetion 

a) Defmition 

A iW-junction in a single crystal is a thin region in which thè conduction 
changes front type P to type N* 
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In principia, a junction of this type can be obtained as follows: 

- by allowing impurities^to diffuse in a semiconductor. 

- by alloying with P- or N -type elements. 

If a gennanium crystal is partly P -type and partly iV-type, thè re must of 
necessity be a region between thè two different types of material, in vvhich 
conductiou by means of holes changes to conduction by means of free 
electrons, 

b) Àbsence of an external voltage 

Let us examine a single crystal which is composed of two blocks of ger¬ 
mani um of different types (see Fig. 33). In thè N region thè number of free 
electrons will be greater than thè number of holes, and in thè P region thè 
number of holes will be greater than the number of free electrons, The free 
electrons will diffuse from thè N region to the P region, whìle the holes 
will diffuse from thè P region to the N region. 

In this way, the free electrons coming from the N region arrive in the region 
wherc the number of holes is rdatively large, so that they will recombine 
with the holes very rapidly, On the other hand, the holes coming from the 
P region will arrivo m a region where the number of free electrons is re lati- 
vely large, and they will very quickìy become filled by the electrons in the 
N region, Às the donor and acccptor atoms occupy fixed positions, the 
resali will be a movement of negative charges from the N region to the P 
region, and of positive charges in the opposite direction. (Fig. 34). 

The permanentlv negative ions (electrically negative indium atoms), which 
forni an integrai pari of thè crystal lattice, constitute a fixed negative space 
charge. The pemianently positive ions (electrically positive arsenic atoms) 
form a fixed positive space charge. 

c) Dìffusion voltage or potential barrier 

This doublé spacc-chargc layer causcs an dectric fidd which is due to 
internai factors; this fleld is directed from the negative space charge (fMype 
germanium) to the positive space charge (N-type germani um), and is of 
magnitude e (Fig. 35a). 
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The electric fìeld e hinders thè diffusion of holes into thè N region and of 
free electrons into thè P region; it forms a barricr which drives thè free 
electrons back into thè P material and thè electrons into thè N material* 
This barrìer is termed a “potential barrier ! \ 

The mobile charge carriers in thè immediate ncighbourhood of thè junetion 
move away from it* This narrow region, which is about one micron tliick, 
can bc regarded as a transition zone which is Limited by a potential bamer. 

d) Charge density 

Fig. 35b represents thè charge density in a gennanium crystal containìng 
a PiV-junction s as a function of thè distance from thè junetion, This curve 
can bc explained as follows. 

That part of thè P-type gennanium region which is furthest away from 
thè junetion does noi receivc a single free electron from thè N region, so 
that thè equilibrium of thè electric charges is maintained; this region is 
always electrically neutra! (AB, Fig* 35b), 

In thè neiglibourhood of thè junetion, on thè F-type germanium side, thè 
electrons from thè N region have filled up a number of holes; this disturba 
thè electrical equilibrium and thè extern of thè disturbance increases with 
thè number of holes in thè P region which are filled up by free electrons 
from thè N region, The charge density is a negative maximum in that region 
of thè transition zone (on thè F-type germanium side) where there is no 
longer a single mobile hole (point C, Fig. 35b), The same reasoning is 
applicable to thè N region; thè charge density is a positive maximum in 
that region of thè transition zone (on thè TV-type germanium side) where 
there is no longer a single free electron (point D t Fig, 35b). Between points 
C and D there is a sudden transition from thè maximum negative charge 
density to thè maximum positive charge density, 

The portion EF of thè curve corresponds to that region of thè N-type 
germanium where no holes bave been able to diffuse from thè P region. 
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2.15. The junction capacitarle 

Only thè fixed electric ckarges remain in thè transitimi zone. The ionized 
atoms are held in fixed positions which they cannot leave, because they 
forai part of thè crystal lattice; in thè P-type germanium they are aceeptors 
and in thè iV-type germanium, donors. There are no longer any mobile 
charge carriers present in this zone, so that it can be regarded as a pcrfcct 
insulator. 

This effect enables us to ascribe a characteristic capacitance to thè junction, 
thè thickness of thè dielectric being determined by thè width of thè junction. 
The value of this capacitance is given by thè expression: 

C = XS/W 

in which K represents thè permittivity, S thè surface area and d thè thickness 
of thè junction. 

2.16. The effect of an external electric held on thè junction 

a. In thè forward direction 

We shall base our considerations on thè following circuits. 

Switch S open (Fig. 36 a) 

The internai electric field e , which is directed from thè P* type germanium 
towards thè À r -type germani um, hiiiders free electrons from moving into 
thè P region and mobile hoies from moving into thè N region, Às thè 
switch is open, no electric current can flow through thè junction, 

Switch S closed {Fig, 3ó£) 

The applled voltage V produces an electric field which, outside thè battery ? 
is directed from thè negative pole to thè positive pole. This electric field 
E opposes thè electric field e; £ encourages thè diffusion of charge carriers 
so that thè electrons move from lite N region to thè P region, whilc hoies 
move from thè P region to thè N region. In this way a current I will fìow 
in thè circuit, which means that thè junction is conductive. 
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b. In thè reverse direction 

We wìll now consi der thè case when thè battery is reversed (FIg. 37), The 
electric fìeld E now acts in thè sanie direction as thè internai clcctric fìeld e 7 
and will thus reinforcc thè effect of thè lattea The frcc dectrons from thè 
N region cannot diffuse into thè P region, just as thè mobile holes from thè 
P region cannot diffuse into thè N region, which means that thè junction 
is not conductive* In practice, however a small current wìll stili flow through 
thè Circuit. It is very important to investigate thè cause of this current, 
which flows when thè junction is polarised in thè reverse direction so that 
it should block thè flow of current* 

In thè jY-type germani uro, we have only shown thè free electrons which 
are due to thè presence of impurities, Conduction in thìs type of germanium 
depends on thè followìng factors: 

1) The number of free electrons derìved from impurity atoms, which has 
a very great effect* 

2) The breaking of bonds between germanium atoms, which has a smaller 
effect at room temperature. 

As already explained, thè breaking of these bonds resuìts in thè appearance 
of free dectrons and mobile holes, Consequently a block of iV-type ger- 
manium ahvays contains a small number of mobile holes, which increases 
wìth thè ambient temperature. In thè P-type germanium wc have only 
shown thè mobile holes which are due to thè impurity atoms* Just as in 
thè previous case, however, a small fraction of thè conduction is due to 
thè breaking of bonds between germanium atoms, which leads to thè 
production of a few free electrons in thè P region, Fig* 38 shows that thè 
external electric fìeld E permits thè few free electrons to move from the 
P region into the N region, while the few mobile holes can move from the N 
region into the P region, which explains the small current flowing through 
the Circuit The numbers of free electrons in the P region and mobile holes 
in the N region wìll con seque ntly increase with increa si ng temperature* 
This current thus increases with the temperature* 
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PART TWO 


Diodes 



CHAPTER 3 


Junctio» diodes 


3.1. Principal characteristics 

The semiconductor diode ìs electrically asymmetrical, as ìs shown by thè 
fact that thè current which fìows through thè di ode in one direction is 
mueh less than thè current which fìows through it in thè opposite direction» 
In addition, thè characteristic has a sharply curved region, which enables 
thè diodc to fulfill thè detection functìon of a thermionic diode. 

a) The forward characteristic 

The PJV-junction diode is connected in thè forward direction when thè 
P region is connected to thè positive pole of thè battery and thè N region 
is connected to thè negative pole (Fig* 39), The resulting voJtage Vj across 
thè junction is equal to thè difference betweee thè battery voltage Vb and 
thè potentini drop V h across thè junction, or in other words: 

Vj=V B — V b 

The junction is polarised in thè forward direction, so that a low voltage 
causes a iarge current to 11 ow, Às thè resistance in thè forward direction 
is extremeiy low, a resistor must be included in thè circuit in order to prevent 
thè diode freni being damaged. The current-voltage characteristic is an 
exponential curve {see Fig, 40). 

b) The re ver se characteristic 

In this case, thè P region is connected to thè negative pole of thè battery 
and thè N region to thè positive pole (Fig* 41). The voltage Vj across thè 
junction ìs equal to thè sum of thè battery voltage Vb and thè potential 
drop V b across thè junction, or in other words: 

Vj=V B + V b 
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The current in thè extemal circuit now flows in thè opposite direction to 
its direction in thè previous case; this current is very small and increases 
little with thè applied voltage. This reverse current is represented by thè 
symbol -In and approaches a saturation value (Fig. 42). The voltage whose 
polarity is such that thè junction blocks thè current is termed thè “reverse 
voltage” - Vd . At a certain vaine of thè reverse voltage -F D thè curve -/n 
— f(-Fi)) s which represents thè current as a function of this voltage, can 
take two different forms: 

1) A straight line, corresponding to a practically Constant voltage, thè 
“breakdown voltage” (Fig 43). 

2) A curve whose sfope becomes negative, after reaching a maximum value 
of thè reverse voltage. (Fig. 44). 

c) Variations of thè junction capacitance 

Previously we have shown that thè capacitance of thè junction depends on 
its width (see page 36), If thè junction is polarised in thè reverse direction, 
its width increases with thè applied voltage (Figs. 45 and 46). This means 
that its capacitance decreases. In praetice, this capacitance may vary between 
a few picofarads and some tens of picofarads. 
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CHAPTER 4 


Point-contact diodes 


iW-junctions may sometimes be thè result of non-uniform distribution of 
impurities during thè solidification of a crystal. They can be introduoed as 
required, in either sense, by addmg thè required type of imparity (indiani 
or arsenic) to thè germanium during crystallization. 

In semiconductor diodes for certain application thè PN-j anetion is ob- 
taitied by lowering a suitable sharp-pointed metal wire onto thè crystal, 
and passing a current through it for a short time (forming thè contact), 
Impurities from thè metal wire diffuse from thè surface of thè crystal into 
thè interior, and in so doing form a PN fransi tion zone round thè point 
of contact. This '‘forming” of thè contact in point-contact diodes (Fig. 48) 
is exlremely jmportant ; the dio de effect does not occur until thè contact 
has been formed. Mere too, Éhcre is a certain junction capaci tance preseni 
in the PN transition zone. In point-contact diodes, the caparitancc of the 
eontaets is relalivdy small (of the order of I picofarad). This is the reason 
why such diodes offer certain advantages for use at high frequencìes. On 
thè other hand they are unsuitable for high powers, so that junction diodes 
are preferred for such applicafions. 
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CHAPTER 5 


Analysis of diode characteristics 


5.1. Diode biased in thè forward direction 
Jrt order to bias a diode in thè forward direction, we connect thè positive 
poi e of thè battery to thè P region, and thè negative pole to thè N rcgiom 
For case of discussici!, wc can divide thè diode eharactcristic iato three 
regions (Fig, 49), 


a) Region 1 

This is thè region of very small currents and low voltages ( 1 D of thè order 
of some tens of microatnperes and V D of thè order of some millivolts), 
The curve is approximately parabolic, except near thè ori gin where it is 
practicaily straight. 


b) Region 2 

In this region thè curve is no ionger parabolic, but neither is it linear, This 
region is particularly important in thè use of thè diode as a detector. 


c) Region 3 

This is thè region of large currents; bere, thè curve is practicaily linear, 
Fig. 49 shows that small variations of voltage in this region result in large 
variations of current. 
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d) Resistance 

It can be of importance to determine thè resistance of thè diode in thè 
forward direction, and from this to deduce thè variation of this resistance 
as a function of thè voltage* Let us look at thè curve given in Fig* 50* 
Consider thè vaine of thè voltage Vjy which is represented by point À* 
on thè abscissa. If vve draw a perpendicular to thè axis at this point, this 
perpendicular determmes point A on thè characteristic* Tlie projection of 
À on thè Ib axis gives point B\ We now draw thè tangent to thè curve 
at point À, and extend thè line B f A. The angle between thè tangent and 
thè horizontal line through point A , is given by thc tangent of this angle: 

CB CB f _ A Jp _ 1 

AB A'B" A Vd RdìA) 

We see that thè tangent of this angle is equal to thè reciprocai of thè re¬ 
sistance of thè diode in thè forward direction (for a given voltage). 

If we increase thè value of V& so that it is represented by thè point E f 
on thè abscissa, this point corresponds to point E on thè characteristic 
and point F 1 on thè ordinate* The angle between thè tangent to thè curve 
at point E and thc horizontal line is now given by thè expression: 

GF G*f_ _ A/p _ 1 

EF E'F" A Vd Rd(E) 

Angle Bis greater than angle A, and tan Bis thus greater than tati A, from 
which it follows tliat 1 /Bd(E) is greater than 1 jRn(Ab anc * consequently 
Rd{E) is smaller than Rp u This means tliat thè forward resistance of a 
diode decreases when thè voltage inercases; in region 1, this resistance 
can ha ve a high value, and in region 3 it can become very low. 
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5 . 2 . Diode biased in thè reverse direction 

If thè positive pole of thè battery is connectcd to thè TV-type germanium, 
and thè negative pole to thè F-type germanium, tlie di ode is biased in thè 
reverse direction* We can divide thè reverse characteristic into four regions. 


a) Region 4 

This is thè region in which both current and reverse voltagc bave very low 
values. Once again thè curve in this region is practically parabolic, cxcept 
ncar thè origin, where tt is again almost straight. Since region 1 of thè 
forward characteristic is of thè same forni as region 4 of thè reverse char¬ 
acteristic thè junction behaves symmetrically in both these regions (Fig, 
52), From this, we may conclude that no rectihcation takes place at very 
low voltagcs* 


b) Region 5 

Here thè reversc current approaehes a Constant value (saturation current), 
but never reachcs it, The resistance in thè reverse direction is high, but nevcr 
beeomes infinite. 


c) Region 6 

In this region thè reversc current ìncreases appredably for a smalt increase 
in thè reverse voìtage* In Silicon diodes, this region is extremely narrow, 
but it is mudi wider in germanium diodes. The maximum permissible 
peak value of thè reversc voltage -Vbm is always lower Lhan thè value 
at which thè characteristic begins to bend steeply. 


d) Region 7 

In this region thè “turnover 5 " region breakdown of thè junction occurs, 
and thè reverse current rises to a considerable value. 
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e) The revetse resistance 

We wil oow determine thè reverse resistance of a diode, and investigate 
how it varies as a function of voitage variations. We will base our con- 
siderations on Fig, 53, Consider thè value of thè reverse voitage -V& 
which is represcnted by point A* on die abscissa. If we draw thè perpen- 
dicular at this point, it determi nes point A on thè characteristic. The pro- 
jection of this point on thc ordinate gives us point B\ We now draw thè 
tangent to thè curve at point A, and extend thè line B f À. The angle between 
thè tangent to thè curve and thè horizontal line through point A is given 
by its tangent: 


_ CB _ C£ Alpina 1 

ta11 ^ AB ^ A f B ft ~ A V, Dtnv■ ” -Riilv(jì) 

We see that thè tangent of this angle is equal to thè reciprocai of thè reverse 
resistance of thè diode (for a given reverse voitage), 

If we increase thè voitage - V& t so that we are working in region 7 of thè 
eh araci e ri stic (e.g. point E f on thè abscissa) this corresponds to point E 
on thè characteristic and point £* on thè ordinate. We will now determine 
thè angle between thè tangent to thè curve at point E and thè horizontal 
line through this point. This angle is evidentally alinosi 90°, so that thè 
tangent of angle E is alinosi infinite, thus very much greater than thè tangent 
of angle A . From this it follows that 1/Rmv (E) is very much greater than 
l/i?inv U )* or in other words J?in V <, A > is very much greater than i?i nv 
The reverse resistance of a diode thus increases as thè angle between thè 
characteristic and thè horizontal decreases. The region in which thè char¬ 
acteristic bends downwards can bc dcscribed as that in which thè reverse 
resistance changes from a very high value to a very low vaine* 
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CHAPTER 6 


The breakdown of a junction 

The reverse charaeteristic has a region in which a diode breaks down, that 
is, a region in which thè reverse current becomes very large (region 7, Fig, 
51). The breakdown of a diode junction can be ascribed to various effects, 
i.e.: 

1} The thermal eiTect. 

2) The avalanche check 

3) The zener effeck 

6,1, Thermal breakdown 

The power dissipated in thè junction is equal to thè produci of thè voltage 
across thè junction, and thè current which fiows through it: 


7V “ U\nv , li nv* 


The power dissipated in thè junction thus increases with thè reverse current 
We bave already explained thè origin of thè reverse current (page 39), and 
we found that it increases with temperature, The temperature which thè 
junction reaches depends on: 

I) thè power which is dissipated in it 
and 2) thè melhod by which thè diode is cooled, 

We must distinguisi^ two cases: 

a) thè beat dissipated and thè coolìng are thè same, so that 
thè reverse current is stable. 

b) The thermal cquìlibrium is disturbed, The reverse current 
through thè junction increases rapidly with thè tem¬ 
perature, and thè dissipated heat exceeds thè heat that 
is removed by cooli ng. This effect ìs of a cumulative 
character (Fig, 54), and thè charaeteristic has a negative 
slopc bere. 
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6,2* Avalanche breakdown 

The electrie charges that flow through thè junction receive an amount of 
energy which is proportional to thè voltage across thè junction, Every 
increase in thè re verse voltage — V& corresponds to an increa se in thè energy 
which is storcd up in thè moving charges, As soon as this energy exceeds 
a certain threshold, electrons are tom loose from germanium atoins as a 
result of collisions. This effect may also become cumulative, thè liberated 
electrons liberating other charges in thcir tura, This leads to an avalanche 
effect, as represented in Fig* 55* In this case, thè reverse current is limitcd 
only by thè components formi ng thè circuit of which thè diode forms a part, 

6,3. Zener breakdown 

The electrie fìeld in thè junction also increases with thè reverse voltage, Àt 
a high value of this fìeld breakdown occurs, an efìect which i$ also familiar 
in heavy-current engineering, and valency electrons are tom loose, The 
reverse current then increases rapìdly, and is no longer limitcd by tbe diode 
itself. In certain cascs* thè breakdown can bc represented by a straìght line, 
which corresponds to a practically Constant re ver se voltage (Fig* 56), This 
breakdown voltage can be used as a reference voltage. The “knee” in thè 
characteristic of germanium diodes (Fig. 57) is mudi more graduai than 
it is in Silicon diodes (Fig* 58). This is thè reason why zener diodes, in 
which this effect is tumed to good advantage, are made of Silicon* 
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CHAPTER 7 


The ìnfluence of temperature 

The temperature has a greater influence on thè reverse cliaracteristic of a 
germanium diode than on its forward characteristic. 

7.1. The influence of temperature on thè reverse character- 
istic 

a) Re verse current 

The reverse currcm inereases with thè temperature. For a germanium diode, 
thè value of this current doubles if thè temperature rises by 10 deg. C; fora 
Silicon diode, it doubles in value for a temperature rise of only 7 deg. C. 
Howcvcr, thè reverse current of a Silicon diode is only one hundredth lo 
one thousandth of that of a germanium diode of thè same dimensions. 
This is thè reason why Silicon diodes are more suitable for use at higher 
temperaturcs. The maximum temperature which a germanium diode can 
stand is about 75° C, and thè maximum temperature for a Silicon diode is 
atout 150 C C. Fig. 59 represcnts thè change in thè reverse characteristic of 
a germanium diode, if thè temperature inereases from 0° C to 75° C. 


b) Resistance 

The curvcs in Fig. 59 show that for a given reverse voltage thè current 
inereases with thè temperature. Let us assume that the reverse voltage is 
30 V; this corresponds to point A on thè characteristic for 0° C, to point 
B on the characteristic for 40° C, and to point C on thè characteristic for 
75° C, Angle C is larger than angle B which in its tum is larger than angle 
A 7 or in other words tan C > tan B > tan A . Since the tangent is cqual to 
the reciprocai of thè reverse resistance, we have 

Rìnv{C) Biny(A) 

The reverse resistance thus decreases with increasing temperature (Fig. 60). 
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c) Breakdown voltage 

The voltage at which breakdown occurs in a diede as a result of an eccessive 
inerease in thè crystal temperature* decreascs with increasing temperature. 
(Fig. 61), In a gennanium diode thè reduction of thè breakdown voltage 
is of less ìmportance than thè large inerease in thè reverse current with 
increasing temperature, This is because it is impossible to make any use 
of thè breakdown voltage, as thè knee of thè characteristic bends very 
slowly, and consequently it is necessary to re inai n a good way below thè 
breakdown voltage in order to cnsure reliable operation of thè diode. 

7.2. The infiuence of temperature on thè forward characte¬ 
ristic- 

The form of thè forward characteristic is influenced only slightly by thè 
temperature. This characteristic shiffcs in a direction paralisi to thè abscissa, 
and becomes slightly distorted in doing so (Fig, 63). At a given voltage V& 
thè current increases slightly with thè temperature (point A on thè char¬ 
acteristic for 0° C and point B on that for 40° C.). The forward resistance 
thus decreascs with an inerease in temperature. Relatively speaking, thè 
infiuence of temperature on thè forward current and resistance is much 
less than it is on thè reverse current and resistance. 
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7.3. Explanation of thè difference in thè influence of tempe¬ 
rature on thè forward and reverse characteristic of a 
di ode 

A certain number ofimpurity atoms are introduced into thc pure germanium; 
arsenic atoms in order to obtain iV-type germanium, or indium atoms in 
ordcr to obtain P-type germanium. Suppose that there are N arsenic atoms 
present per unìt volume of thè A'-type germanium. At room temperature 
each of these atoms will have given up an electron so that N represents 
thè density of thè free electrons resultìng from thè presencc of thè arsenic 
atoms. At thè same time a number of bonds from thc germanium atoms 
will have been broken, giving rise to extra free electrons n_ and mobile 
holes n + . 

The number of charge-carriers per unit volume of thè block of A-type ger¬ 
manium under consideration is thus madc up as follows (Fig. 63b): 

- frcc electrons: N_ -f- n_ 

- mobile holes : n + 

It must he remembcred that N is very mudi greater than n. Suppose that 
thè number of indium atoms per unìt volume of thè P-type germanium is P. 
At room temperature cach of these atoms will have given rise to a mobile 
hole, P— thus represents thè density of mobile hoies whìch are due to thè 
presence of thè indium atoms. At thè same time a certain number of bonds 
between germanium atoms will have been broken. The number of mobile 
holes and free electrons per unit volume, which are due to thè breakage 
of these bonds, will be represented by p + and p_ respecfively. 
Consequently thè density of charge-carriers in thè block of P-type germanium 
under consideration, is made up as follows (Fig. 63c): 

- mobile holes : P + — p + 

- free electrons : p_ 

In thè P-type germanium thè number of mobile holes P + caused by die 
presence of thè indium, is very much greater than thè number of mobile 
holes p + resulting from thè breakage of bonds between atoms at a given 
temperature. 
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7.4. Diode biased in thè forward direction 

The field E (Fig. ó3d) produced by thè battery opposes thè internai fìeld 
e, and thus increases thè tendency towards diffusìon. The free electrons 
from thè N region diffuse into thè P ragion, and thè mobile hoies from thè 
P ragion diffuse into thè N rcgion, The junction conducts, and so a current 
will flow through thè Circuit* This current is a function of thè number of 
charge-carrier s which can move as a re sull of thè application of field E t 
The number of charge-carriers which pass through thè junction will depend 
on thè density of free electrons in thè N region and on thè density of thè 
mobile hoies in the P region. Consequently, this current is a function of 
AL + + AL + p+, that is of AL + P + + «_ + p+* 

With an increase in temperature, thè number of broken bonds between 
germanium atoms will increase, Let us rcprcsent the new densities of the 
electrons and hoies in thè N and P regtons by n f _ and p' + respectivelv, Àt 
room temperature, all thè impurity atoms will ha ve given rise to eìther a 
free electron (JV-type germanium), or a hole (P-type germanium) so that 
AL and P_ will remai n unchanged. 

Let us assume that /?'_ — 2 n_ and that p f + = 2 p + * 

Consequently, thè new value of the current will be a function of: 

AL + P + + n_ + p T + that is of AL + P+ + 2(n_ + />+}. 

Since AL and P+ are very much greater than n and p + respectively, doubling 
the latter will only result in a sìight dccrcasc in the voltage drop m the 
forward direction* 

7.5, Diode biased in the reverse direction 

In this case, the field E rcinforccs thè internai fìeld e (Fig. 63e). Only the 
hoies which are in the minority in the N region can diffuse into the P region, 
while only the free electrons which are in thè minority in the P region can 
diffuse into the N region. The current is thus a function of n+ + />_. An 
increase in the temperature, equal to thè increase in the previous example, 
will result in an increase in the density of thè mobile hoies in the N region 
(ji' + ) and of the free electrons in thè P region (pL). The new vaine of the 
current is now' a function of + />L ? or in other words of 2(n+ + /?_), 
The increase in the temperature thus resulta in doublé thè number of charge- 
carrìers passlng through the junction. For a larger Increase in temperature, 
this number will increase even more sharply, which clearly demonstrates 
the importance of the infiuence of temperature changes on the value of 
the reverse current. 
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CHAPTER 8 


Comparison between therm ionie diodes and 
semiconductor diodes 

Semiconductor diodes offer thè following advantages: 

1) The absence of a heater. No heater current souree is required, and thts 
considerably reduces thè problem of hum. 

2) Verysmall capacitarle (alleasi for poi nt-contact diodes)* The capacitance 
of a germanium diodo of this type is about 1 pF;this advantage is par- 
ticularly important in thè use of these diodes at high frequencies. 

3) The forward reslstance of a semiconductor diode is lower than that of 
a thermionic diodo. 

4) In a closed circuii, thè semiconductor di ode does not produce any current 
in thè absence of a voltage (Fig* 64), whereas a thermionic di ode does 
produce a current (Fig* 65). In measuring-circuits, it is often necessary 
to compensate for this current* 

5) Semiconductor diodes can easily be incorporated in thè wiring* 

6) Both their weight and volume are cxtremely small. 

Because of these advantages thè semiconductor diode is often preferred for 

numerous application, but it must not be forgotten that it also has a 

number of disadvantages : 

1) A thermionic diode does not pass any current at all in thè reverse direc¬ 
tion, while at high voltages a germanium diode passes a current which 
cannot be neglected (Fig. 66). 

2) The thermionic di ode can stand high reverse voltages, which js not 
true of thè semiconductor diode, whose breakdown voltage (- Vdm ) is 
not so high (Fig. 67). 

3) The characteristics of thè germanium diodc change with thè temperature, 
not only in thè forward direction bui particularly in thè reverse direction. 
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CHAPTER 9 


Rcctifìcation 

The semiconductor can bc used as a rectìfying element in half-wave rectifìers, 
full-wave rectifìers, voltage-doxibler circuita, and in bridge circuits ete. 


9.1, Maximum permissible reverse voltage -Vdm 
The amplitude of thè altemating voltage which may be connected to thc 
temiinals of a semiconductor diode is Iimited by thè reverse characteristic 
of thc diode and al so by thè power which is dissipa ted in thè junction. 
We will illustrate this for thè DA 85 germanium diode. 

Ai an ambient temperature of 25° C thè maximum reverse voltage -Vjim 
is 115 V. This voltage is thc most important Factor in designing a rectifier 
circuit incorporatmg a di ode. We must distinguisi! between thè follo wing 
two cases: 


a) Resistive load 

This case is represented by thè circuit of Fig. 68, We will assume that thè 
input voltage is sinusoidal (Fig. 69). Fig. 70 shows thè characteristic of thè 
OÀ 85. A cìoser examination shows us thè following sequence of events. 
At instant t Q there is no voltage across thè circuit and thè working point 
of thè characteristic is at A . Àt instant Ti thè anode is positive with respect 
to thè cathode; thc diode conducts, and thè enrrent increases from 0 to a 
maximum value, point B. Àt instant f 2 thè voltage is again zero, and no 
current flows through thè circuit, Àt instant f 3 thè diode is connected in 
thè reverse direction and a low reverse current flows through thè circuit, 
point D . At instant thè voltage is again zero and no current flows through 
thè circuit, point £, 

The reverse voltage is a maximum at instant and this voltage must not 
be aliowcd to exceed thè breakdown voltage of thè di ode - Vdm - This 
means that thè peak value of thè applied voltage must bc lower than thè 
voltage -V DM > 


- 70 - 








- 71 






















OA85 





- 72 - 


























For an OA 85 diode, thè rm.s, vaine of thè maximum permissible voltage 
which may bc applied to tliis circuit is: tlS/V 2 * ile approx. 82 V. 

This means that to rectify an alternatilig voltage having an r.m.s. value of 
110 V, it would be necessary to connect two dìodes of this type in series. 

b) Resistive - capacitive load 

In thè Circuit of Fig. 71, thè load consists of a resistor R and a capacito r C. 
It will again be assumed that thè applied voltage is absolutely sinusoidal 
(Fig. 72); thè characteristìc of thè diode is sfaown once more in Fig, 73. 
When thè di ode conduets, thè capaci t or quickly beco me s charged, On thè 
other hand if thè di ode is blocked, thè capaci tor will slowly discharge 
through thè resistor R, which constitutes thè load of thè circnit. The re¬ 
si stanco of R will always be very large in comparison with thè forward 
resistance of thè diode, so that thè capaeitor will always remain charged 
to a constderable direct voltage -V. This means that the dìode is biased, 
so that the alternating voltage is applied relative to this point -V (Fig, 73). 
If we consider what is happening at various instants wc find the following. 
At instant t 0 - at point A on the characteristìc - thè diode is blocked and 
the capaeitor is slowly discharching through the resistor R , At instant t x a 
very small current is flowing through the diode - point B on thè character- 
istic - and the capaeitor is becoming charged. At instant t 2 the diode is 
blocked once more, and thè capaeitor begins to discharge through the re¬ 
sistor R (point C). At instant r 3 the voltage across the diode is cqual to 
the sum of the voltage across the capaeitor ( -V) and the peak value of 
the applied voltage. The capaeitor is stili discharging slowly through the 
resistor R . Àt instant the diode is stili blocked by the bias voltage across 
the capaeitor. 
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The diode is found to be permanenti biascd, as a result of which thè 
maximum permissible reverse voltage is also lower (Fig. 74). In those cases 
in which thè time Constant RC of thè Circuit is farge in relation to one 
cycle of thè input voltage, thè r.m.s* vaine of thè maximum permissible 
reverse voltage which may be applicd to an OÀ 85 diode is: 

115/2^2^41 V. 

9.2* The vaine of thè load resistance 

Às a generai rulc thè load resistance must be small in relation to thè reverse 
resistance of thè diode. In thè above case thè capacita dlscharges between 
ìnstants U and through bolli thè load R and through thè reverse resistance 
of thè diode. Now thè discharge current through thè load R must be large 
in relation to thè re verse current fìowing through thè diode, For this reason 
R vili always be made smal le r than thè reverse resistance of thè diode. 
For an OÀ 85 diode, R is not usually rnadc any higher than 2kQ. 

9.3, Non-siousoidal input voltage 

Il is also usua! to specify a maximum average valile for thè input voltage, 
For thè OA 85 diade, this voltage is - V& = 90 V al a temperature of 25° C. 

9.4, The rectified current 

The rise in temperature of thè di ode which is produced by thè rectified 
current sets a limit to thè latter. The increase in temperature depends directly 
on thè nm.s* value of thè current flowing through thè diode. 
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CHAPTER 10 


Comparison between thè operation of a 
semiconductor diode and a thermionic diode as detector 

The quality of a detector circuìt is principally determi ned bv thè foilowing 
two factors: 

a) The detection offici ency. 

b) The damping resistance. 

We will investigate to what extent thè spedile characteristics of thè two 
types of diode can affectthese quantities. From this and from considcrations 
conceming supply, dimensions, etc. wc shall se e in which cases one type 
of diodc is to be preferred to another, 

10.L Detection efficiency 

Fig. 75 shows a much-used detector Circuit. The load on thè diode consists 
of a resistor R and a capacitor C. The voltage on thè input of the detector 
is supplied by a genera tor whose internai resistance we shall regard as 
being infinitely small; thè amplitude of this voltage is Constant. In Fig, 76, 
a is thè diode characteristic* b is thè input voltage as a function of time, 
and c ìs thè current through thè di ode as a function of time. 

We shall represcnl thè peak value of the si guai supplied by the gene rato r 
by E , The time Constant of the load circuit is very small; the capacitor 
charges up very quickly via thè load resistance of the diode in the forward 
direction (interval AB, Fig, 76). 

Fig. 77 shows thè resistances across which thè capacitor discharges. that 
is the load resistor R with the reverse resistance Rn inv of thè diode parallcl 
to it. From t 3 to t A the capacitor discharges slowly; the reverse current 
flowing through the diode is very small, because the re verse resistance of 
the diode is very large (B'C Fig. 76c)« From 1 4 to the reverse voltage 
Increases, as a result of which the re verse resistance decreases, so that the 
reverse current also increases ( C'D f Fig, 7óc), From t 5 to the reverse 
voltage decreases, while thè reverse resistance increases; in this way the re- 
verse current decreases, as also thè dischargìng current of the capacitor 
(D'E' Fìg, 76c). 
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The voltage V across thè capacitor adjusts itself to a vaine su eh that thè total 
charge conveyed to thè capacitor during one cyde is equal to thè total 
charge removed, The maximum value which this voltage V can reach is 
equal to thè peak value E of thè input signah This value couid oniy bc 
reachcd if thè reverse resistance of thè diode R D !nv and thè load resistance 
R were infìnitely large. By defìnition, thè detection efficiency is: 


V - VJK 


In order to simplify thè calculations we shall assume that thè diode char- 
acteristic is ideal, and will take no account of thè variatìons in thè resist¬ 
ance of thè di ode in both forward and reverse directions which restii t from 
thè applìed voltage, The detection efficiency of sudi a germani uni diode 
with an ideal characterìstic (Fig, 78), couid be calculated by equating thè 
charge and thè dìscharge of thè capacitor. 

Il can be demonstrated that thè detection efficiency is inversely prò por donai 
to: 


(G + Gmnv) /Gd, 

where G = 1 jR is thè conductance of thè load, G n = 1/Rp is thè forward 
conductance of thè dtode, and G = V-Rduiv is thè reverse conductance 
of thè diode, 

The curve represented in Fig. 79 shows that thè efficiency is a maximum 
when this fune don is zero, The detection efficiency thus ìncreascs with de- 
creasing values of G and Gìtmv (that is, if thè load resistance and thè re verse 
resistance of thè diode are very large) and if G& is very large (that is, if 
thè forward resistance is very small). 

Now in contrast to a germaniurn diode, a thermiomc diode has an infinite 
reverse resistance, so that it i$ casier to obtain a detection efficiency of 
alniost 1 with this type of diode than it is with a germanium diede. 
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10.2. Determination of thè optimum value of thè load re¬ 
sistance for a semiconductor diode and for a thermionic 
diode 

We can plot thè direct voltage V which is built up across thè capacitor C 
as a function of thè peak value E of thè applicd signal. In Fig. 80 this has 
becn done for a low value of thè load resistance, namcly for R — 2kQ, 
Curves have been plotted for a germani um di ode (OA 79) and for two 
thermionic diodes (EB 91 and EAF 42). Fig. 81 is a simìlar graph drawn 
for a high load resistance, i.e. for R = 1M-Q. 


In all thcse cases thè diode characteristic has been taken as ideal, that is, 
it is assumed that both thè forward resistance and thè re verse resistance are 
independent of thè amplitude of thè input voltage. As al ready explained, 
however, thè input voltage does have a considerablc effect on thcse resist- 
ances. 

10.3. Low load resistance R 

If thè load resistance R has a low value, thè hìghest efficiency is obtained 
by using a gennanium diode. For a signa! of amplitude E = 10 V, thè 
direct voltage V across thè capacitor is; 

approx. 9.9 V for an OA 79 
approx. 8.5 V for an EB 91 and 
approx, 3 V for an EAF 42. 


The highest detection efficiency is thus obtained by using a gerrnanìum diode. 
Explanation of thè curves 

As already explained, thè detection efficiency ìs inversely proportional to 
thè quotient : 

(G + Gq lnv) / G D. 

wìll now determme thè values of this quotient for a gertnanium diodo 
(OA 79) and for a thermionic di ode (EB 91). 
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a) Germanium diodc (OA 79) 

Suppose that Rn mv — IMI?, Rjy = 200f2, R = 2000/2. In this case: 
G=l/R= 1/2000 = 5 X IO" 4 A/V= 50QpA/V, 

Gfflw = 1/^Dinv = 1/10* - IO” 6 A/V - 1 UÀ/V 

and 

Ga = 1/R d = 1/2000 = 5 X IO- 3 A/V - 5000 pÀ/V, 
From this follows: 

(G + Gmnv)/G D - (500 + 1)/50Q0^QX 


b) Thermìomc diode (EB 91) 

Suppose that Rdìuv = oo, i? = 2000/2, = 300/2, In this case: 

G = ÌJR — 500 pÀ/V, 

G/?inv = i/^i)lnv =1/00=0, and 

Gd = i/^Ro = 1/300^3 X 10“ 3 A/V = 3000 p/ÀV, 

From which follows: 

(G 4- Gnm^lGn = (500 + 0)/3Q00^0.17. 

For thè germanium diode we can neglect Gninv in relation to (7 S and thè 
quotient (G 4* G/Hnv) /G d is approx. 0.1, while for a thermionic diode, 
this quotient is approx. 0,17, 

We see that with a load resìstance having a low vaine, thè effect of thè 
reverse conductance Gn inv can be neglected relative to thè load conduct- 
ance G, 
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As thè forward resistance of thè germani um diode is lower than that of a 
thermionic dÌode ? its conductance Gn is greatcr than that of a thermionic 
dìade. The ratio GjGn is consequently smaller for a germani um diode, than 
for a thermionic diode. Proni this we see that for a low load resistance a 
hìgher detection efhciency can be obtained wìth a germanium diode than 
with a thermionic diodc. 

10.4. High load resistance R 

Fig. 83 shows that for R — IMI? a highcr officiency can be obtained with 
an EB 91 thermionic diode than with an OA 79 germanium diode. 

a) Germanium diode (OA 79) 

Suppose thai /?jji nv = 1M12, Rd — 20013, R = i M12. In this case: 

G = 1/10 6 - 10"* A/V = 1 pA/V, 

Gfl lnv = 1/10° = IO- 6 A/V = 1 pA/V, and 
G d = 1/200 = 5 X IO- 3 A/V = 5000 pA/V. 

From which follows: 

(G + Gotoà/Gn = (1 + l)/5000 = 0.0004. 

b) Thermionic diode (EB 91) 

Suppose that fimnv = Rd = 30012, lì = 1M13. In this case: 

G = 1/10° = IO- 0 A/V --- I pA/V, 

Gninv = l/oo = 0, and 

G d = 1/300^ 3 x IO- 3 A/V = 3000 pA/V. 

From which follows: 

(G + GDinv)/G d = (1 + 0)/3000 m 0.0003. 

Thus we see that for thè germanium diodc thè ratio (G + G diiiv)IGd is 
0.0004 (at a temperature of 20° C) and for thè thermionic diode it is 0.0003. 
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With a high load resistance, it is evident tliat thè effect of thè reverse resist- 
ance of a germanium diode may no longer be neglected, and this effect 
also reduces thè detection efficiency of a germanium di ode relative to that 
of a thermionic diode, With a high load resistance, a hìgher detection 
effidency is obtained with a thermionic diode than with a germanium diode. 

10.5. The effect of temperature on thè detection efficiency of 
a germanium diode 

a) Low load resistance 

If thè load resistance has a low value, thè influente of thè reverse resistance 
of thè diode may he neglcctcd. It goes without saying that thè effect of 
changes in this resistance can most certainly be neglected, Consequently 
thè temperature will not bave any effect worth mcntìoning on thè detection 
efficiency if thè load resistance is low. 

b) High load resistance 

À high load resistance means a low value of thè conductance G, so that 
thè latter will bave little effect on thè ratio (G + Cz>Env)/Cz>, which is thus 
mainly determined by the conductance C//>inv of thè dì ode in thè reverse 
direction. If the temperature increases, this conductance will also increase 
and consequently thè detection efficiency of the germanium diode will de- 
crease (see Fig. 84). 

10.6. Damping resistance 

In addition to thè detection efficiency, the damping which the detector 
circuii exercises on the previous tuned Circuit is an important faeton This 
damping depends both on thè detector Circuit itself, and on the form and ara- 
plitude of the input sìgnal, By damping resistance we mean that resistance 
which could replace the detector circuit, and cause the sanie amount of 
damping, We will represent this resistance by thè symbol r d (Fig, 85). If 
the output power is P, and thè peak value of the input sìgnal is E 9 the equi- 
valent resistance is r d — E 2 /2P . In this connection, we will re-examine the 
circuit of Fig, 75, If the load resistance, thè eapacitor and the reverse re¬ 
sistale of the diode all bave high values, the direct voltage V across the 
eapacitor will be near enough equal to thè peak voltage E of the input 
signal. The power dissipated is then P — E*jR. The equivalent resistance 
of a thermionic diode (whose reverse resistance is infinite) is equal to half 
the value of the load resistance, thus the damping resistance 
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= R/2. 

By contrasta thè equivalent resistance of a germanium diode is equal to 
half thè load resi stanco connected in parai lei with o ne third of thè reverse 
resistance of thè diode (see Fig. 87): 

1/r (j — 2/7? — 3iRz)tuv' 

If thè temperature of a germanium diode or thè input voltage increases, thè 
reverse resistance of thè diode decreases, Consequently thè damping resist- 
ance al so decreases with increasi ng temperature or input voltage, at least 
if thè load resistance has a high va lue» 

With decreasing values of thè load resistance, thè attenuati on which is 
eaused by thè reverse resistance of thè diode will decrease as in this case 
2/7? becomes Iarge in relation to 3/7 ? Dinv . In practice, the attenuation which 
must be ascribed to the reverse resistance of a germanium diode becomcs 
negligible when the load resistance is of the order of a few kilohms, The 
damping resistance depends particularly on the load resistance and on the 
reverse resistance of the diode, Summing up, the damping resistance de¬ 
pends on: 

- the characteristics of the diode, 

- the ambìcnt temperature of the dio de, 

- the am pii tude of the input signal 
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CHAPTER 11 


Operation at radio frequencies 

The efficiency of a germanium di ode when used as a detector at radio 
frequencies (for example, of thè order of 40 Mc/s) cannot bc deduced from 
thè static characteristics. 

Suppose that an OA 73 germanium diode is used as video detector with 
a load resistance of 3.9 k Q which is connected in parallel with a 20 pF 
eapacitor (see Fig. 88). The detection efficiency of this Circuit is found to 
be 0.55 at a frequency of 20 Mc/s and 0.53 at a frequency of 40 Mc/s. From 
this il follows that thè detection efficiency at these frequencies is lower than 
it is at very lovv frequencies. This is principally due to thè fact that thè timc 
Constant of thè load circuii is no longer very largc in relation to the duration 
ofone cycleof the signal. In addition, the capacitarne of thè diodo and the 
load capacitance C form a capacitive voltage-divider, which reduces the 
input signal to thè diode (Fig. 89). 

For the two frequencies which have been mentioned, the difference in 
detection efficiency is only small, but the difference in dampìng on the 
previous tuned circuii proves to be very great; 

Àt a frequency of 20 Mc/s (Fig. 90) r d =4500i2 
Ài a frequency of 40 Mc/s (Fig. 91) r tf =3000i2 

While the direct voltages across the load resistance are thus practically 
identical in both cases, the dampìng exercìsed by the detector circuii on 
the previous stage proves to be considerably grcatcr at 40 Mc/s, so that 
the amplification of the last rX stage or i.f. stage will be rather lower. 
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TYPE 

CONSTRUCTION 

APPLICATION AND 
CHARÀCTERISTICS 

OA5 

Gold-bondcd germanium 
diede for single-ended 
connection. 

Switching diode; low 
forward resisi ance. 

OÀ7 

Gold-bondcd germanium 
diode for single-ended 
connection* 

Rapid switching; low 
forward resi stanco. 

OA9 

Gold-bonded germanium 
di ode for single-ended 
connection* 

Rapid switching; very 
low forward resistanca. 

OA70 

Germanium point-contact 
diodc. 

Video detector* 

OA73 

Germanium point-contact 
diodc. 

Video detector. 

OA79 

Germanium point-contact 
diode. 

Ratio detector 

2-OA79 

Matched pair of OA79 
diede*. 

Ratio detector 

OASI 

Germanium point-contact 
diode. 

High re verse voltagc 

OA85 

Germanium poini-cornact 
diode. 

High re verse voltage and low 
forward resis tance* 

OA8Ó 

Germanium point-contact 
diode* 

Rapid switching: high 
re verse voltage* 

OA47 

Gold-bonded germanium 
diode for doublc*cndcd 
connection; subminiature* 

as type GA7. 

OA90 

Germanium point-contact 
diodc; subminiature* 

as type OA7G* 

OA9I 

Germanium point-contact 
diode; subminiature 

as type OASI 

OA92 

Germanium point-contact 
diodc; subminiature* 

Rapid switching; low 
re verse voltage. 

OA95 

Germanium poìm-contact 
diode; subminiature. 

as type 0A85. 

AAYll 

Germanium point-contact 
diede; subminiature* 

as type OAS6. 

BAI 00 

Silicon diode: subminiature 

General purpose diode for 
televìsion receivers* 

OA200 

Silicon diodc: subminiature 

General purpose* 

OA202 

Silicon diode: subminiature 

Generai purpose. 

BAI 02 

AUoyed Silicon diode; 
subminiature 

Automatic frequency control; 
voitagedependent capaci tance. 

OA3I 

Germanium junction diodc 

Supply units up to 12 A. 

OA2IO 

Alloyed Silicon dìodo* 

Supply Circuit® in television 
receivers for 110V mains 
voltage. 

OA211 

AOoyed Silicon diode. 

Supply circuits in television 
receivers for 220V mains 
voltage* 

OA214 

Àlioyed Silicon diode. 

Supply circuits in television 
receivers for 250 V mains 
voltage. 

BY100 

Diffuscd Silicon diodo 

Supply circuits in television 
receivers; perniissiòle reverse 
voltage 800 V* 

BYZ14 

DifTuscd Silicon diode 

Supply unita up to 20 A. 














PART THREE 


Transistors 






CHAPTER 12 


General considerations 

The operation of transistors is also based on thè physical properties of 
semiconductors. The transistor can be regarded as a combinatìon of non- 
linear resistances whose values vary wìth thè applied voltages and thè polari- 
ty of these voltages, wìth thè power dissipation, and wìth thè ambient tem¬ 
perature. However, thè transistor does not behave as a completely passive 
element. In thè circuits in which it is used it is possible to obtain power 
ampliiìcation. 

The application of thè transistor is more complicated than that of thè ther- 
mionic valve. As we sitali exptain, we ha ve to deal not only with thè familiar 
parameters (load resistance, voltage amplification), but also with new 
quantities (input resistance, current gain, internai feedback). 

The most important source of data for thè application of transistors consists 
of thè various characteristic curvcs which are supplied by thè manufacturer. 
The operation of thè transistor - as passive element and as actìve element 
- can be examined with thè aid of these characteristics. Originally, only 
point-contact transistors were availablc on thè market, but these have now 
been completely replaced by junction transistors. 
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CHAPTER 13 


The junction transistor 

Junction transistore consist of three pieces of germanium or Silicon which 
constitute thc three electrodes: thè emitter, thè base and thè coliector (see 
Fig. 93). To a certain extent these correspond respectively to thè cathode, 
thè grid and thè anodo of a triode {Fig. 94). In a junction transistor, thè 
emitter and coliector are always of thè sartie type of germanium or Silicon 
(usuai ly F-type germanium) while thè base is of thè other type, (usually 
A'-type germanium). 

13.1. Circuit symbols 

The symbol shown in Fig. 95 dates from thè time when point-contact tran¬ 
sistore were in use, and represents thè two point-contacts resting on thè 
base. This symbol is stili normally employed for thè junction transistor. 
Some publications employ thè slightly different symbol of Fig. 96, which 
indicates that thè emitter and thè coliector also consist of a layer of material. 
A distinction is made between FrVF-junction transistore (Fig. 97) and NPN- 
junction transistors (Fig. 98). 

13.2. Conductiort in a transistor 

In a thermionic valve, thè current results from thè movcmcnt of free elec- 
trons which are emitted by thè cathode and attracted towards thè anode. 
The origin of thè current which flows in a transistor will bc explained in a 
later chapter, but it is important to note at this stage that thè directions 
of thè currents fìowing through a PNP transistor (Fig. 97) are opposite to 
thè directions of those flowing an NPN transistor (Fig. 98). The voltages 
applied to thè coliector and base of a transistor always havc thè sanie polari- 
ty with respect to thè emitter, being negative in relation to thè emitter of 
a PNP transistor (Fig. 97), and positive in relation to thè emitter of an 
NPN transistor (Fig. 98). 
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CHAPTER 14 


The technology of thè transistor 

Transistors can be made by widcly difTering methods, but we will limit 
ourselves here to thc generai principles underlying thè various operations 
involved in thè manufacture of a transistor The fundamental problem is 
that of obtainìng pure germanium or Silicon* 

14. 1. Pure germanium or Silicon 

The metal ìs first purified chemicalty* However, this purification is insuf- 
ficicnt, and thè metal must then be subjected to a special physical treatment 
which is based on thè faci that impurities are more solubìe in liquid ger¬ 
manium or Silicon than in thè solid* 

For this treatment, thè metal is placed in a quartz “boat” (Fig* 99), which 
moves along relative to a source of heat (a coil through which flows an 
rX currcnt). The heat melts thè metal in thè zone which is exposed to thè 
rX fìeld* With thc movement of thè boat, thè molten zone moves a long 
thè germanium or Silicon* The metal which solidifìes on thè righi hand 
side of thc molten zone is purcr than that which has not yet melted, on thè 
Icft hand side of this zone* This operation ìs repeated several liines, after 
which thè impurities will be concentrated in thè left hand end of thè bar, 
which is then removed* 

The germanium or Silicon obtained in this way stili contains an extrcmely 
sma II pcrcentage of impurities (of thè order of IO - ® to 10^®). As a generai 
rule, it is not possible to use pure metal for thè manufacture of transistors; 
its characteristics must be changcd by addtng to it an accurately determined 
amount of impurity. This is done as follows. 
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14.2. The manufacture of N -type germanium 

Purified germanium is Fuseti in a quarti crucibìe after which thè rcquired 
amount of impurity is addcd. The germanium is then allowed to cool to 
a temperature which is only slightly above tlic melting point. À single 
crystal of germanium is now brought into contact with thè surface of thè 
liquid, and is raised cxtremely slowly. The germanium in contact with thè 
single crystal al so crystal hzes in thè single crystal form. In this vvay thè 
crystal is continuously drawn up from thè surface of thè liquid until thè 
crucibìe is empty, (Fig, 100). The percentage of impurity is now checked 
by measuring thè resistivity of thè crystal. 

To make transistor such as thè OC 41, thè single crystal of j\Mype ger¬ 
manium which is obtained in this way is sawn into wafers, on both sides 
of which a layer of P-type germanium must bc applied. 

14.3. The manufacture of junction transistor 

A small piece of indirmi is placed in contact with a w r afer of germanium 
(Fig. 101) and thè whole is placed in an oven in which thè temperature 
ìs gradually increased to 500° C or 600° C. The indium melts first, (at a 
temperature of about 100° Q and germanium then dissolves in it until it 
is satura ted. During cooling, germanium saturated with indium crystallises 
out, as a result of which P-type germanium ìs obtained, and a iW-junction 
is formed. 

À similar junction can also be produced on thè other side of thè germanium 
wafer, and in fact thè two operations can be carried out simultaneously. 
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CHAPTER 15 


The mode of operation of thermionic valves 

We will explain thè mode of operation of thermionic valves wlth referencc 
to Fig. 103* The electron airrent which flows through a valve is a funcdon 
of thè voltage between thè grid and thè cathode. The current incrcases as 
this negative voltage is dccreascd. Yariations of thè anode current are caused 
exclusively by variations of thè grid voltage; no current flows between thè 
grid and thè cathode of thè tube, 

Fig. 104 represents thè I a = characteristic of thè valve, Froni this 

we see that thè anode current is a maximum when no bias voltage is applìcd 
(V g = 0), and increases no further ìf V ff is made positive. 

15.1. Àdvantages 

Valves can be used at very high frequenries. 

Valves can supply higher powers. 

The input impcdancc of valves is not limited. 

The characteristic s of valves are not affected by changes in tempera* 
ture. 

15.2. Limitations 

Valves must have a heated cathode, which is an unavoidable source 
of hum. 

Electric power has to be supphed to beat thè heater. 

AH valves givo rise to microphony to a greater or lesser extent. 

The power efhcieney of valves is fairly ìow, because of; 

- their heater power. 

- thè high voltages which have to be applied in arder to obtain a 
steep slope. 
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CHÀPTER 16 


The mode of operation of fransi stors 

Fig. 105 represents a typical circuii, The electron cunrent le fiowing through 
thè transistor is a function of thè base-emitter voltage and of thè current 
flowing in thè base circuii. We will deal la ter whh thè characteristics which 
show thè collector current as a function of thè applìed voltages and of thè 
base current. The reader should note that, in contrast to tiiercnionic valves, 
in which thè anode current is a maximum ìf thè grid and thè cathode have 
thè same potentials, thè collcctor current of a transistor is a minimum if 
thè base and thè emiiter have thè same potential* 

16.L Advantages 

Transistors operate at low voltages. 

Transistors have a high power efficiency. 

Transistors do not gì ve rise to microphony, 

The small size of transistors make ìt possìble to keep thè wiring 
compact, and simpMes thè problem of screening. 

The long life of transistors means that it is safe to solder them into 
wiring, thus preventing trouble due to bad contacts. 

16,2* Limi tati ons 

The characteristics of transistors are affected by temperature changes. 
The output power of transistors is lhnited. 

There is a limit to thè input impedance of transistors. 
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CHAPTER 17 


PNP transistors 

Wc start our considerati gii of PNP transistors with a thin block of JV-type 
germanium- two regions of iMype germanium are applied, one on each 
side of this wafer, in such a way that thè thiee regions forni a single crystal 

(Fig. 106)* 

In thè P-type germanium thè impurity atoms are negatively ionized, and 
conduction is evidently due to holes* These move in thè opposite direction 
to that of thè applied electric field, In thè AT-type germanium thè impurity 
atoms are positively ionized and conduction is due to electrons, whichmove 
in thè direction of thè applied electric field. In Fig* 106, A , B and C represent 
thè three regions of this PNP material* Regions A and C are of P-type ger¬ 
mani um, and region B is of AT-type germanium. The boundaries seperating 
these three regions are indicated by broken lines. 

In PNP transistors thè percentage of impurity in thè P regions is about 
100 times thè percentage of impurity in thè N region, so that thè hole density 
in regions A and C is very much g rea ter than thè free-clectron density in 
region B . 

17*1, Formation of thè PJV-junction between regions A and B 
Region A , consisting of P-type germanium, is very neh in holes, while 
region B , consisting of A r -type germanium, possesses few free electrons (sce 
Fig* 107). The free electrons from region B diffuse into region A s where 
they will quickly fili up some of thè very numerous holes in this region, 
The holes in region A diffuse into region B, where they will be fìlled up by 
thè free electrons present (vvhich are thè majority carriere here, because they 
exceed thè number of holes present)* 

In thè neighbourhood of thè junctìon there will be no free electrons left 
in region B and no mobile holes in region A * In region A only negatively 
ionized impurity atoms will remaìn, and in region B only positively ionized 
impurity atoms. In this way, an internai electric field of amplitude e x is 
produced, acting in thè direction from thè negatively ionized atoms to thè 
positively ionized atoms. We will indicate thè junction formed in this way 
by B x . 
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17.2. Formation of thè TVP-junction between regions B and C 

We will explain thè formation of thè junction between regions B and C 
with reference to Fig. 108. Region B consista of N -type germani um, which 
is rich in free dectrons, and region C consists of iMype germanium, which 
is very ridi in mobile holes. The free electrons from region B diffuse iato 
region C and will fili up thè numerous mobile holes in this region. On thè 
other hand, thè mobile holes from region C will diffuse into region B, and 
will very rapidly be lilled up by thè majority carriers in this region, tliat 
is thè free electrons. In thè neighbourhood of thè boundary between B and 
C, there will no longer be any free electrons in region B, and no mobile 
holes in region C. As in thè previous case, an internai electric field will be 
produced, which here acts from region C, (negatively ionized ìmpurity 
atoms) towards region B (posltively ionized imptirity atoms). This field 
hinders thè further diffusion of mobile holes from region C into region B , 
and of free electrons from region B into region C We will indicate thè 
junction formcd in this way by B a . 

It is thus evident, that in thè absence of an external voltage two junctions 
are formed in thè transistor, eacli of which is thè result of a transìtion from 
one type of germanium to thè other. 
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17.3. The mode of operatimi of a PNP transistor 
We wi] I now explain thè operati ori of a transistor on thè basis of Fig. 109. 
The bìas voltages applied to thè transistor are obtained from two batteries, 
both of which can be switched off. 

Switch 1 closed 

The battery Ve produces an electric fieid in thè transistor, which is directed 
from thè negative pole of thè battery through the transistor to thè positive 
pole, and has a valile Ec- This fieid will rein force the effect of thè internai 
electric fieid e 2 in the junction B t and as a result, thè clcctrons from region 
3 cannot diffuse into regìon C, nor can the mobile holes diffuse from region 
C into region B. Consequently, junction B., is non-conductive, i.e. the 
junction between the collector and base is biocked. 

Switch 2 closed 

Battery V B produces an electric fieid Ert between regions B and A wlrich 
is directed, in the extemal battery Circuit, from the negative pole to the 
positive pole, thus from B to A. This external fieid Eg opposes the internai 
fieid e 1 in the junction B l and encourages diffusion, so that electrons can 
diffuse into region A, and mobile holes into region B. Junction B 1 is thus 
conductive, and a very large number of holes move into region B. As this 
region is verj' thin, and contains relatively few free electrons, there is little 
chance that the se holes from region A will recombine with free electrons 
from region B. 

Consequently thcrc is now a large surplus of holes beiow junction B 2 , and 
these will be able to diffuse from region B into region C. This will in fact 
happen as a result of the external fieid Ec, the direction of which is such 
that it moves the holes from region B into region C, In this way, junction 
B. 2 also becomes conductive, and a currcnt will flow through the Ve circuit, 
The size of this currcnt depends on the Itole density in regions A and C. 
Since the holes move via thè base, a number of them will be filled up by 
free electrons in region B. An electron cu treni will start to flow in the circuit 
which is supplied by Vb, so as to mah e up for thè free electrons which bave 
been lost in this way in the base (region B). 

It is thus evident that no current can flow between the collector and the 
emitter of a transistor, unless a current is also flowing between the base 
and the emitter. We will now investigate the effect of the polarities of the 
voltages Ve and Vb. 
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17*4. Reversai of thè voltage V c 

Let us assume that thè transistor is comiected as in Fig* 110. If switches 
1 and 2 are open, there is no voltage between thè collector and emitter and 
between thè base and emitter of thè transistor* The two junctions B 1 and 
B. 2 prevent diffusion between regions A and B and regions B and C of thè 
transistor* 

Switch 1 closed 

The battery Ve produces an electric fìeld Ec in thè transistor, which ts 
directed frorn thè negative pole to thè positive pole of thè battery* Like thè 
internai electric field e x which acts across junction B 1s this fìeld prevents 
diffusion between regions A and B. Junction is thus non-conductive and 
thè transistor remains blocked, 

Switch 2 closed 

The battery V B gives rise to an electric fìeld Eb between regions B and À t 
which is directed from thè negative pole of thè battery to thè positive pole, 
thatìs from B to A * This external fìeld opposes thè internai fìeld e t across 
junction B v Às thè fìeld E B encourages diffusion, holes wili be able to 
diffuse from regìon A into region B, and electrons from region B imo region 
À t Junction B 1 is thus conductive* 

Similarly, thè external field Ec opposes thè internai fìeld e 2 in junction B t7 
so that holes can also diffuse from region C into region B. Às a result, a 
heavy currcnt will flow through thè base, and thè diffusion of holes from 
B l to B 2 will not be retarded in any way, so that thè transistor is immediately 
destroyed. 
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17.5. Reversai of thè voltages Ve and Vb 

We will investigate what happens when both Vq and Vb aie reversed, with 
reference to Fig. 111. If both switches 1 and 2 are open, there is no voltage 
applied between thè collector and emitter and between thè base and emitter 
of thè transistor, so that thè two junetions B 1 and B 2 prevent diffusion 
between regions A and B and regions B and C . 

Switch 1 closed 

The battery Va gives rise to an electric field Ec in thè transistor, which 
is directed from thè negative pole to thè positive pole, Jnnction B 1 is stili 
non-conductive, so that thè transistor remaìns blocked. 

Switch 2 closed 

For thè base-collector junction B z of thè transistor, batteri es Ve and Vb 
are in series, so that thè base - collector voltage is equal to: 

-Vnc = - V C + V B > 

This voltage difference causes an external electric field E x \ outside thè bat- 
teries, this field is directed from thè negative pole lo thè positive pole, thus 
from thè base to thè collector. 

Under thè influcnce of this field, holes can diffuse from region C into region 
B , and electrons from region B into region C. The excess of holes in junction 
i? ls whicli bave come from region C, diffuse into region À under thè influence 
of thè field Ec < Consequently a heavy current fiows through thè circuit, 
which may destroy thè transistor, 

Àlthough thè transistor is ne ver subjected to this situati on under no r mal 
conditions, it must bc protected against destruction if this should occur, 
and measures must be taken to prevent B 2 from conducting, The external 
field must not be directed in such a way that it rcinforces thè internai 
field e 2 . Eithcr we must see that voltage Vu is at Icast equal to voltage Ve , 
or thè current must be limited to a safe value by means of external resist- 
ances* 
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17.6. Leakage eurrent 

We will explain thè occurrcncc of leakage eurrent on thè basis of Fig. 113, 
which “ as far as thè Circuit is concemed - corresponds to Fig. 112 , 

If switch 1 is elosed thè esternai ficld Eq will reinforce thè internai field e 2 
across junction B 2 , It might be expected that under these conditi ons thè 
transistor would not conduci a eurrent, but a certa!n eurrent does in fact 
flow in thè circuit of battcry Ve- Thìs can bc explained as follows. 

In region C, which consists of P germani um, thè impurity atoms will give 
rise to mobile holes. Àt room temperature, some bonds between germanium 
atoms will be broken, resulting in extra mobile holes and in particular, in 
extra free electrons. This is also true of region A. 

In region B , which consists of N-type germanium, conduction is due to 
free electrons ; these owe their existance to thè presence of impurity atoms. 
At room temperature some bonds between germanium atoms are broken, 
giving rise to extra free electrons, and particularily to mobile holes. Under 
thè influenee of thè field £< 7 , electrons can diffuse from region C into region 
B and mobile holes can diffuse from region B into region C. 

The free electrons in thè base which ha ve come from thè collector, diffuse 
under thè influenee of thè field Ec into die emitter, so that B 1 is conductive, 
A stili larger number of holes diffuse from thè emitter to thè base, and cross 
thè base-collector junction, under thè influenee of field Ec- Consequentiy 
a rdatively large eurrent fìows in thè ccllector-emitter circuit of thè transis- 
tor. This eurrent depends on thè number of broken bonds between ger¬ 
manium atoms; this number and therefore thè leakage eurrent also, will 
increase with increasing temperature. 
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CHAPTER 18 


NPN transistors 

Suppose that we bave a block of P-type germaniimi wìth a sheet of A-type 
germanium aìloyed to each side of it (Fig* 114)* Wc will again terni thè 
three regions A , B and C. Regions A and C consist of jV-type germani um 
and B consiste of P-type germanium. The boundaries separating these threc 
regions are indicateci by thè broken lincs, In NPN transistors the percentagc 
of impority in the jV-type region k grcater than thè percentage of impurity 
in the F-type region. The free-elcctroii density in regions A and C is there- 
fore much greater than the mobile-holc density in region B . 

18.1. Formation of the JVP-junction between regions À and B 
The mobile holes in region B diffuse into region A where they will very 
quìckly be filled np by the large surplus of frec electrons which are present 
(Fig. 115). Similarly* frec electrons will diffuse freni region A into region 
B, where they will quickly fall into the large surplus of mobile holes. In 
the immediate neighbourhood of the junction there will no longer be any 
free electrons in region À or mobile holes in region B* Only positiveìy 
ionized impurity atoms will remai n in region A and negatively ìonized 
impurity atoms in region B . In this way, an internai electric fleld e 1 is prò- 
dueed, directed from thè F-type germanium towards thè iV-type germanìum 
(thus from B to A). This iìcld prevents the diffusion of free electrons from 
region A into region B and of mobile holes from region B into region A, 
In Fig. 115 this potential barrier is indicated by 
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18.2. Formation of thè iW-junction between regions B and C 
Region B, which consists of F-type germanium, is rich in mobile holes, 
while region C, which consists of jV-type germanium, is very rich in free 
electrons (Fig. 116). The holes from region B diffuse ìnto region C where 
they will very quickly be filled up by thè free electrons, which are thè ma¬ 
jority carriers in this region. Similarily, thè free electrons from region C 
will diffuse into region B, and will very quickly fall into mobile holes, which 
are very much in thè majority there. 

In thè transition zone, there will no longer be any free electrons in region 
C or mobile holes in region B. The negatively ionized impurity atoms in 
region B, and thè positively ionized atoms in region C, cause an internai 
electric field e 2 wich is directed from thè A'-type germanium towards thè 
F-type germanium (Ì.e. from C to B). This field prevents thè diflfusion of 
free electrons into region B and of mobile holes into region C. We will 
indicate thè potential barrier formed in this way by B 2 , 

In thè absence of an external voltage, therefore, we sce that two potential 
barriers are formed in thè transistor, both being situated at thè junction 
between two different types of germanium. li should be noted that these 
internai fields act in opposi te direction s. 
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18.3. The mode of operatimi of an NPN transistor 

For thè operation of an NPN transistor, see Fig. 117. The transistor is 

supplied by two batteries. 

Switch 1 closed 

Inside thè transistor thè battery Ve produces an electric field Ec, which 
acts from thè negative pole towards thè positive pole (from A to C), This 
field reinforees thè internai field e 2 so that thè transistor is non-conductive* 

Switch 2 closed 

The battery Vb produces an clcctne lìcld Eb which is directed from thè 
negative pole to thè positive pole of thè battery (from A to B); this field 
opposes thè internai field e lt Since Eb promotes diffusion, free electrons 
diffuse from region A into region B and mobile holes diffuse from region B 
ìnto region À f so that thè junction B\ passes a current. 

À surplus of free electrons butlds up in region B L This region is only thin 
and contains relatively few mobile holes, so that thè chance of recombi- 
nation of electrons from region À with thè holes in region B is fairly smalh 
Consequentiy there are now a large turni ber of free electrons below junction 
B 2 . These electron®, which bave come from region A, and which are very 
much in thè majority in region B , will diffuse into region C under thè in- 
fluence of thè externa! field Ec , so that thè junction B 2 is also conductive. 
The current flowing through thè Circuit depends on thè free-electron density 
in regions A and C. 

If junction is conductive, some frcc electrons from region A fall into 
mobile holes in region B , while some holes from region B are fìlled up by 
electrons in region A . Consequentiy, a current will flow in thè circuit which 
is supplied by Vb, in order to supplcment thè holes in region B. No current 
can flow between thè collector and emitter of an NPN transistor unless 
there is a current flowing between thè base and emitter of thè transistor. 
If thè polarity of thè supply ìs reversed this may lead to destruction of thè 
transistor if thè collector is made negative with respect to thè emitter and thè 
base remains positive. If the poEarities are reversed with respect to thè 
emitter this will not damage the transistor, provided that Vb is lower than 

V C . 
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18.4. The construction of a junction transistor 

Fig 118 represents a cross-section of a transistor. We see that thè base is 
very thin (of thè order of 50um). The junctions are only about Uxm thick, 
It should also be noted that thè area of thè collector-base junction is much 
gre ater than that of thè base-emitter junction (about three times as large). 

In order to facilitate thè above explanatfons no distmetion was made in thè 
corresponding figures between thè dimensions of thc two junctions. In fact, 
a PNP transistor should be represented as in Fig. 119. ìf switches 1 and 2 
are closed thè external field E# will cause holes to diffuse from region A 
into region B , and electrons to diffuse from region B into region À. The 
holes coming from thè emitter region diffuse within thc base region in thè 
directions indicated by thè arrows in thè schematic representation. To 
ensure that thè collector region collects as many as possibie of these holes, 
thè arca of thè collector junction must be ìncreased. Tliis explains why thè 
base-colJector junction is always larger in area than thè base-emitter junc¬ 
tion. 

The above cxample refers to a PNP transistor, but thè same considerano ns 
are also valid for NPN transistore, as will be seen from Fig, 120 ? which 
represents a transistor of this type in approximateiy thè correct proportions. 
The free electrons moving from thè emitter region diffuse through thè base 
region towards thè collector region m thè direction indicated by thè arrows. 
In order to collect thè largcst possi ble number of electrons, thè base-col- 
lector junction must thus be much grcater in area than thè base-emitter 
junction. 
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CHAPTER 19 


Consideratimi of transistor characteristics 

19.1. Commonly-used symbols 

As transistore are usually used in tlic common-emitter configuratimi {see 
Fig. 121), wc will limit ourseìves to studying thè characteristics referring 
to this circuit, We must be ablc to indicate thè vario us currents and voltages 
in a transistor circuit by means of symbols, both for static conditions and 
for dynamic conditions* 

1) Static conditions (direct voltages and ciments) 

The following symbols are used for static conditions: 

-Vce for thè colfector-emitter voltage 
-Vre for thè base-emìtter voltage 

-Vco for thè voltage of thè battery whìch supplica thè collector. 
-Vbb for thè voltage of thè battery vvhich supplies thè base, 

-la for thè collector current 
-Ir for thè base currenL 
Ie for thè emitter currenl, 

Since thè collector and thè base are always at a negative voltage in relation 
to thè emitter, their symbols are preceded by thè negative sign. 

In relation to thè ccntre of thè transistor, thè base and collector currents 
are always in opposite directions referring to thè emitter currcnt (Fig* 122). 
The direction of thè base and collector currents is also symbolized by thè use 
of a negative sign. 
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2) Dynamic conditions (altemating voltages and currents) 

The symbols normally used (Fig. 123) for dyaamic conditìons are as follows: 

v ct for thè collector - emitter voltage, 
v b6 for thè base - emitter voltage, 
i c for thè collector current 
4 for thè base current 
4 for thè emitter carré uh 

The symbols dcfìned m this way represcnt thè r.m.s. valucs of thè voltages 
and currents. The peak values of these quantities will be indicated as shown 
later. For example, thè peak vaine of thè collector-emitter voltage is in- 
dicated by thè symboi Vqm < 

19.2, Transistor characteristic curves 

The objecl of this section is lo explain how thè principal characteristics of 
a transistor are obtained. Further on, we shall return to thè way in which 
these characteristics ean bc used. 

Transistor manufacturers provide a series of characteristics, some of which 
refer to thè common-basc configuratici* and some to thè common-emitter 
configuration. There is a definite mutuai relationshìp between thè various 
voltages and currents associatcd wlth a transìstor. The collector current is a 
functìon of thè base current; thè base current is determi ned by thè base- 
emitter voltage, while under certain conditi ons, this voltage varies with thè 
coJIector-emitter voltage. The characteristics which we shall now esanime 
in more detail determine thè mutuai relationship which exists between these 
four parameters. 


- 129 - 






Fig. 124 shows thc complete set of characteristics for a transistor in com¬ 
mon emitter, We distinguisi! thè following four quadrants: 

top right —le — /(- Vce ), 
top left -la = f(-lB\ 
bottoni left -fe — 
bottom right -Vbe = fi-Veti)* 


a) - le — f(V-cE) characteristic for various values of I B 
This Family of curves (Fìg, 125) represents thè collector current -le as a 
funetion of thè collector-emitter voltage -Vce, with thè base current -1 B 
as parameter. These characteristics can be determined by means of thè 
circuit shown in Fig. 126. The collector-emitter voltage -Vce is read from 
thè voltmeter connected between thè collector and thè emitter of thè tran¬ 
sistor. The collector current -le is measured by means of a milliammeter 
included in thè collector circuit. In thè same way thc base current is measured 
by means of a microammeter, included in thè base Circuit. 

The collector-emitter voltage can be adjusted by means of thè potcntio- 
meter R l and thè base current by means of potentiometer The polarities 
of thè supply voltagcs are indicateci in Fig. 126. First of all we adjust -I B 
to lOpÀ by means of R 2 ; we then vary thè collector-emitter voltage (from 
0 to 10 V) by means of 7? lt and note thè values of -le which correspond to 
various values of this voltage. If necessary we adjust -/# by means of R 2 
so that this current is always 10uà, 

Next we adjust -1 B to 20 uA for exampìe, by means of R 2l and we again vary 
thè collector-emitter voltage (from 0 to 10 V) by means of Once again 
we note thè values of -le for various values of -Vce* These measurements 
can also be carried out for other values of - 1 B , so that we fìnally obtain 
thè family of characteristics shown in Fig. 125. 
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b) -1q =*/(-/s) characteristic 

The curve -le = /(-/a) (see Fig, 127) represents thè collector current as a 
function of thè base current and if required ean be recorded for various 
values of thè collector-emitter voltage (- Vce)> To do this we use thè Circuit 
shown in Fig. 128. 

The collector-emitter voltage (-Vce) is measured by means of a voltmeter 
connected between thè collector and thè emitter of thè transistor. The 
collector current is read from a milliammeter which is included in thè col¬ 
lector Circuit, and thè base current is read from a microammeter included 
in thè base Circuit 

By means of i? A we adjust -Vce to 4.5 V, for example, and then vary -Ib 
by means of i? 2 , noting thè values o f-ì c which correspond to various values 
of -Ib* The curve obtained in this way depends very iittle on thè value of 
-Vce* so that it is sufficient to determine thè curve for a single value. 


c) -1 B — f(-V B E) characteristic for various values of-V CE 
The curve - Ib — /(-Vbe) (see Fig. 129) represents thè base current as a 
function of thè base-emitter voltage, with thè collector voltage as para- 
meter. This characteristic can be determi ned by means of thè circuii shown 
in Fig, 130. The base-emitter voltage can he adjusted by means of R 2t and thè 
collector-emitter voltage by means of R v The value of -Vbe is measured 
by means of a mi Ili voltmeter connected between base and emitter of thè 
transistor. 

We adjust -Vce to 4.5 V > for example, by means of and vary -Vbe by 
means of i? 2 ; thè values of-7# corresponding to thè various values of -Vbe 
are then plotted. The second curve shown in Fig. 129 was obtained by 
repeating these measurements for - Vce = 8 V. 
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d) - Vbe ^f(rVc e) characteristic for vatious values oi-I B 
The curve -V B e — /{-Vce) (see Fig. 131) represents thè base-emitter voltage 
as a function of thè colleetor-emitter voltage, with thè base current -I# as 
parameter, We detergine this characteristic by means of thè cìrcuit shown 
in Fig* 132* 

We adjust -I B to 10 pA ? for cxample, by means of R 2i vary -Vce by means 
of R l9 and plot thè values of -Vbe corresponding to thè different values of 
-Vce* The family of curves in Fig* 131 was obtained by repeating thè rneas- 
urements for different values of thè base current, It is customary to draw 
thè axes of thè characteristics (thè abscissa and thè ordinate) as shown in 
these figure* (see Fig. 124), 


19.3. Use of thè characteristics 

The -le = f{-VcÉ) characteristic with -Ib as parameter, and thè -l B = 
/{-Vbe) characteristic wìth -Vce as parameter are very importanti for study- 
ing thè operation of a transìstor, The fìrst characteristic enables us to deter¬ 
mine thè behaviour of thè output of thè transistor and of its load circuita 
while thè seeond characteristic determìnes thè behaviour of thè input of thè 
transìstor and of thè Circuit that Controls it. 

The -I c = /{-/*) characteristic and the-Fjg ~ /(-Vce) characteristic with 
Ib as parameter are less important. The fìrst enables us to investigate thè 
eflect of thè input Circuit on thè output Circuit, while thè seeond de termi nes 
thè re action of thè output circuii onto thè input circuii. 
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a) -I c — fi^VcE) charactexistie fox various values of -I B 

With thè aid of this characterìstic it ìs possible to demonstrate thè variation 

to which thè following three important quantities are subject: 

The output impedance of thè transistor, 

The eurcent gaia of thè transistor, 

The load line of thè transistor. 


Output impedance of thè transìstor 

Por our consideration of thè output impedance of a transistor, we refer to 
Fig. 133, We will assume that -Vce ~ 5 V; this voltage corresponds to 
point A ' on thè - Vce axis. At À r we crect thè perpendicular to this axis and 
we will assume that thè transistor works with a base current -I B of 40 uà. 
The perpendicular cuts thè curve for -I B = 40uA at point A . This point is 
termed thè working point of thè transistor, and its projection on thè -le 
axis gives thè point A \ If we produce thè line A "A, this horizontal line 
forms an angle A with thè curve. 

Suppose that —Vce varies between 5 V and 7 V (point B'). The perpendicular 
to thè - Vce axis at this point determines thè point C on thè horkontal line 
(extensìon of A "A) and thè poim B on thè curve for -I B = 40uÀ. If we 
project B on thè -le axis (point B“) t we have: 

tan A — CBjCA — A*B*IÀ*B* - AI c jAV CE - Ì/K U) 

In which àie = 0.2 mA — 2 X 10^ 4 A and AV C r = 2 V, while h D re- 
presents thè output impedance of thè transistor, namely: 

K(A) = AVceÌAIq = 2/(2 X IO" 4 ) = IO 4 - 10 Icfl. 


I 
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The perpendicular erected at point A ' determines a point D on thè -Ib 
curve for 80|iA (Fig, 134), The projection of this point D on thè -Ig axìs 
gives thè point and thè perpendicular erected at point B r cuts thè curve 
at point F , thè projection of which on thè -Ig axis gives thè point F\ 
The angle D between this curve and thè horizontal is given by its tangent: 

tan D = EF/DE = E'F'fÀ'B' = AIc/AVce =» l/h os 

where A'B' represents thè variation of thè eollector-emitter voltage (A Ve e), 
and E'F ' represents thè correspondìng variation {Ale) of thè collector 
current. In this case A Vce = 2 V and AIce ~ 0,3 mÀ = 3 x 10^* A, so 
that; h oi D) = AV C eIA1 c = 2/(3 X 1(H) = 6,7 kfì. 

In both cases A Vce is thè same, but Ale is greater for angle D than for 
angle A , because E'F' is greater than B lt À H , Às thè tangent of angle D is 
greater than that of angle A, 1/h 9{ n) is greater than lfh o[ Ay This shows that 
thè output impedance of thè transistor for -Ib = BGpA (at -le = 4,5 mA) 
is lower than for -Ib — 40 p A (at -la = 2,25 mA). 

For a given voltage, therefore, thè output impedance of a transistor is deter- 
mined by thè angle between thè characteristic and thè horizontal, that is 
by thè slope of thè characteristic at thè working point. Our consideration 
of Illese variations shows that thè output impedance decreases as thè col¬ 
lector current -Ig increases. This follows from thè faet that thè angle between 
thè characteristic and thè horizontal increases wìth thè value of -Ig so that 
Che slope also increases, and thè output impedance decreases. 
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Current gain of thè transistor 

The current gain of a transistor is deflned as thè ratio of thè variation of 
collector current Ale to thè variation of base current A Ir which produces it. 
Tliis definiti on appìies to thè transistor in common emitter. At thè present 
time s this current amplification factor ìs represented by h /e (previously by 
a' or and in American publications by /?) : 

h u - AIcÌAIb, 

The characteristic from which this factor cari be detennined is shown in 
Fig. 135. Let us assume that -Ve e — 5 V. This voltage is represented by 
point A on thè -Vce axis, If we erect thè perpendicular at this poÌnt> this 
determines thè point B on thè curve for -Ib = 10 pÀ and point C on thè 
curve for Ib — 20 pA. 

Projection of points B and C on thè - I c axis gives us thè points B f and C* 
respectively. Tf thè working point moves from B to C, thè base current -Ir 
mcreases from 10 pÀ to 20 pA and thè collector current shifts from B* to C\ 
Now B f corresponds to -le = 600 pA and C* to -I a — 1200 pÀ, 

B r C' represents thè variation of collector current t or in other words Ale — 
1200 — 600 — 600 pÀ, so that: 

h u = B'C/AIb = AIc/AI b - 600/10 = 60. 
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For power transistor, such as thè OC 72 for example, thè characteristics 
are of thè forni indicateti in Fig, 136, 

We will again assume that in thè absenee of a signal thè collector-emittor 
voltage - Vce = 5 V (point A), If we erect thè perpendicular to thè axis at 
point A it intersects thè curve for -Ib = 0,5 mA at point B and thè curve for 
-Ib = 1 mA at point C, thè curve for - Iq — 1J mA at point D y and thè 
curve for - 1 B = 2 mA at point E, 

If we now project points B , C, D and E on to thè -le axis we obtaìn thè 
points B\ C\ D f and E f ; B* corersponds to a collector current -la of 40 mA, 
C' to a collector current -Io of 70 mA, D f to a collector current -le of 
90 mA and E' io a collector current -la of 105 mA, 

If thè working point shifts from B to Q thè base current increases from 
0*5 mA to 1 mA, i,c, Ib — 1 — 0,5 = 0,5 mÀ; thè collector current in- 
ereases from 40 mA to 70 mA Le, A le = 70 — 40 = 30 mA, The current 
gain is thus equal to: 

h /a - AìcIAIb - 30/0,5 - 60, 

If thè working point shifts from D to £, thè base current increases from 
1,5 mA to 2 mA, i,e, AIb — I — 0,5 m A — 0,5 mA and thè collector current 
then increases from 90 mA to 105 mA, Le, Ala = 105 — 90 — 15 mÀ, In 
this case, thè current gain equals: 

K ^ AIc/AIb - 15/0,5 -= 30, 

This shows that thè current gain of a power transistor in grounded euiitter 
decreases as thè static collector current increases, This, of course, can also 
he seen from thè -le = /(-/e) characteristic of this transistor. 
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Sfatte load line 

The statìc load line is a straight line whidi forms an angìe A with thè abs- 
cissa, such that tan A = 1//?^, in which Rl represents thè load resistance 
of thè transistor. We will expìain this in more detail on thè basis of Fig. 137, 
in which —Vcc = 10 V and Rj, — llcQ. We shall base our consìderations 
on thè family of characteristies shown in Fig. 138. The origin of thè load line 
is at point A , which is given by: 

-Ve e = -Vcc = 10 V. 

The load line AB and thè abscissa -Kce forra an angle À , whose tangent 
is equal to: 

tan A = AI c jAV RL = 1 jR L 

In this cquation Vbl must be expressed in volts, le in amperes and Rl in 
ohms. Consequently thè tangent of angle A can be expressed direetìy as 
Ì/Rl, in which Ri, is expressed in ohms, provided that thè -le scale is 
marked in amperes and thè -Vce scale is marked in volts, However, ìf -le 
is expressed in milliamperes Rl must be expressed in kilo-ohms, Àccording 
to Fig. 138, tan A = ìjR^ = 1/1 — 1 ? provided that 1 V on thè abscissa 
corresponds to 1 mA on thè ordinate. 

The angle whose tangent is equal to 1 is 45°. In Fig. 138, therefore, thè load 
line of thè transìstor, for a )oad resistali ce Ri, of 1 k.0, is represented by a 
straight line which forms an angle of 45° with thè abscissa at point A. 




We will now investigate thè value of Ri on thè position of thè load line 
in thè -le = /(-Vcb) characteristic. Suppose that Ri — 0. In that case: 

tan A — I /Ri — 1/0 = oo. 

The angle whose tangent ìs infinite is 90°. In Fig. 140 therefore, this load 
line is represented by thè perpendicular to thè -Vce axis at point A (thè 
red line). A shift of thè working point along this straight line does indeed 
mean that thè collector current varies without any change in thè collector 
voltage: 

A V RL - Ri . Ale - 0 .Ale = 0. 

On thè other hand if Ri is infinite, 
tan A — 1 /Ri = l/co = 0. 

The angle whose tangent is 0, is 0 a . The line which represents this angle 
(printed green in thè figure) coincides with thè abscissa and represents thè 
load line of thè transistor with an infinitely large load resistance Ri. 

The figure shows that thè slope of thè load line decreases as Ri increases. 
The working point must lie on this load line; its position depends on a 
number of factors which we shall deal with la ter on. 
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b) -I G =/{-/js) characteristic 

The relationship between thè current gain and thè operatìng condì tions of a 
transistor can be investigated with thè aid of thè -le — f(-h) characteristic. 

Current gain of thè transistor 

We can determine thè current gain of thè transistor from Fig. 141. Suppose 
thatthe base current is 50 ptA, corresponding to point A f on thè axis. 
Àt point A* we draw thè perpendicular to thè abscissa; this cuts thè curve 
at point A . The projection of this point on thè -la axis, point A", deter- 
mines thè collector current, whìch in this case is 2.8 mA. 

Point ,0' on thè abscissa corresponds to a base current of 60 oA. The point 
of intersecò on of thè perpendicular erected at this point with thè curve 
determines point B. The projection of this point on thè -le axis gives point 
B \ corresponding to thè collector current of 3A mA, 

The current gai n of a transistor in common emitter is given by thè expression : 
h fe = AIc/AIb. 

The extension of line A # A cuts thè line B*B at C. The angle A between thè 
characteristic and thè horìzontal is defìned by its tangent, i.e. 

tan A « BC/CA = B*A”j&A\ 

in whìch B*A* represents thè change in thè base current AIb = 60 — 50 — 
IO pA, and B"A n represents thè change in thè collector current Ale — 
3,4 — 2.8 — 0,6 mA = 600 pA. Hence: 

tan A = h /e = Al c lAl B = 600/10 = 60. 

The slope of this characteristic is a measure of thè current gain of thè tran¬ 
sistor. 
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When considering thè relationship between thè current gain and thè opcr- 
ating conditions, we must distinguisi! between smali-signal transistors and 
higher power transistors, For small-signal transistors thè -le — /(-/g) 
eharacteristic is practically straight, whatever thè value of -Ve e (see Fig, 
142), The slope of this eharacteristic is thus Constant, which means that 
thè current gain is al so Constant, independent of thè value of thè collcctor 
currcnt. 

If thè transistor has to supply a greater power output, thè eharacteristic 
is as shown in Fig, 143, Suppose that thè base current -Ib — 800 pÀ, 
corresponding to point A ' on thè In axis, The pcrpendieular erected on thè 
abscissa at this point cuts thè eharacteristic at point A; thè projection of 
point A on thè -le axis gives point À tr corresponding to Ig = 52 pÀ. 

lf-/if is 1 mA instead of 800 pÀ, (point B * on thè -Ib axis)> thè perpcndicular 
erccted at B' interseets thè curve at point B; thè projection of this point 
gives point B* on the -le axis, corresponding to -I c — 62 mA. The ex- 
tension of A "A cuts the line B'B at C, Now: 

h fm = tan A = BCjCA = B"À *IB'À' = AI c fAl B = (62 — 52)/(l — 0,8) = 50. 

Wc will now consider the sa me variation for -Ib = 2 mA. (points D\ D 
and /)"), for which the corresponding collector current -Ig = 100 mA, If 
-Ib increases to 2,2 mA (points E\ E and then thè corresponding 
value of —le = 104 mA. In this case therefore, the current gain has droppcd 
to: 

h u = tan A = EF/DF » D"E*fD f E' = 4/0.2 = 20, 

The current gain of a power transistor thus decreases wìth increasing col- 
lector current. 
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c) -Ib —/{-Ve e) characteristic 

The -*/b = /(-Vbe) characteristic enables us to study thè variations of thè 
following very importane transistor quanlities: 

The input impedance of thè transistor, 

The input Ioad line of thè transistor. 

Input impedance of thè transistor 

To study thè input impedance h t - of a transistor, we start from Fig. 144* 
The transistor is biased so that thè steady base-emitter voltage (-Vbe) is 
130 mV: thè base current -I B is then 20 pÀ* If we cali thè working point 
determi ned in this way A, and draw thè tangent to thè curve at this point 
and also a horizontal line through it, thè angle A betwecn thè tangent and 
thè horizontal is equa! to thè input impedance of thè transistor for a given 
base - emitter voltage* The projections of point A on thè ordinate and thè 
abscissa, A f and A\ correspond to -Vbe = 130 mV and -1 B = 20 
respectively. 

Suppose that -7 jj increases from 20 pÀ to 50 pA (point B"). If we erect 
thè perpendicular at point B ,f this intersects thè horizontal line through 
point A at C and thè tangent to thè characteristic at B. The projection of 
B on thè -Vbe axis gives point B r 

tan A = BC/CA = B^'/A^B” = àV BE ìéI B - 

The input resistance of thè transistor equals thè quotient of thè variation 
of thè base - emitter voltage, and thè corresponding variation of thè base 
current, he. : 

h i{ A) — à V&e/AIb* 

or in other words: 

tan À — A Vbe/AIb — h^A)* 

The slope of thè -I B =/(-Vbe) characteristic is thus a measure of thè input 
impedance of thè transistor for a given base-emitter voltage* 
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On thè basis of Fig* 145 we will now investigate liow thè input impedanee 
depends on thè eollector current. Às in thc previous case, we will again 
assume that thè transistor is biased to givo a base-cmitter voltage of 130 
mV (pomi A f ). This voltage corrcsponds to a point A on thè characteristic 
and thè projection of point A on thè -Ib axis (point A") gives a steady 
base current -Ib of 20 pA. Through point A , we draw thè tangent to thè 
curve and a horizontaì line. 

If -Ib increases from 20 pA to 50 pÀ {point B") s thè new vaine corrcsponds 
to a point C on thè horizontaì line and a point B on thè tangent to thè 
characteristic* Point B is projected onte thè -Vbe axis, (point B'), From 
thè characteristic of Fig. 145 we have: 

tan A — h iiAì = BC/CA = A*B'jÀ *i? # = AV be /AIb 

- (17 — 13)IO -2 /{5 — 2) IO- 5 - 1300. 

The input impedanee of thè transistor at a base-cmitter voltage Vbe of 
130 mV is thus 1300 

Now suppose that -V B e = 180 mV (point D% corresponding to a point 
D on thè characteristic. The projection of this point on thè -I B axis gives 
point D* $ which shows that -I B now equals 70 pA* At point D we again 
draw thè tangent to thè curve, and a horizontaì line (printed in red)* 

A point E" on thè Ib axis, corresponding to a base current of 100 pÀ, 
determines a point F on thè horizontaì line through point D and a point 
E on thè tangent to thè characteristic through point D * The projection of 
point E onto thè -Vbe axis gives point E\ corresponding to 195 mV. This 
gives : 

tan D « h i(D ) = FE/FD = E'D’IE'D" - AV B e/AI b 
= (195 — 180)1Q~ 3 /(11 — 7)10 _fi - 500 Q. 

It is thus evident that thè input impedanee h £ of thè transistor decreases 
as thè base current 1 B increases. Since le increases with increasing it 
follows that as a generai mie, thè input impedanee h, decreases as la in¬ 
creases. 

The sharp curvature of thc input characteristic sets a limit to thè linear 
operati il g rango of a transistor. This curvature can be compar ed with that 
of thè characteristic of a semiconductor diode in thè forward direction* 
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Input load line of thè transistor 

By thè generator impedance R 0 of a transistor circuit we understand thè 
impedance or resistance of thè generator which drìves thè transistor. We 
will exami ne this statement on thè basis of Fig, 146. Suppose that A is thè 
working point of thè transistor, corresponding to a base-emitter voitage 
-Vbe of 130 mV and a base current —Tjs of 20 pA* We will assume that 
thè transistor is driven by a generator whose internai resistance is Ik£? for 
example, and whose peak-to-peak no-load voitage is 40 mV. Fig* 147 re- 
presents thè equivaknt input Circuit, in which a generator having no internai 
resistance supplìes a voitage of 40 mV (peak-to-peak) to a Circuit consisting 
of its internai resistance = IkO) in series with thè input impedance 
of thè transistor. 

We will now draw thè input load line in thè -Ib = /(- Vbe ) eharacteristic. 
To do this we draw a straight line through point A a! an angle A to thè 
-Ib axis, such that tan A = (In doing this, attentlon must be paid to 
thè scalea on thè axis; if -Vbe is expressed in volts and -In in amperes, 
R g is expressed in ohms. In thè present case, -Vbe is marked in millivolts 
and -Ib is marked in microamperes, so that R v is expressed in kilo-ohms)* 

If tan A — R g — 1, and thè scales on thè two axes are ìdentical, = 45°* 
The input load line thus makes an angle of 45° with thè horizontal through 
point A y and dctcrmines a point B on thè -Ib axis* As angle A is of course 
equal to angle B , we bave: 

tan B = CD/CB = AVbe/AIb = R g . 

If thè generator impedance rem ain s Constant, variations of thè bias voitage, 
and of thè base current of thè transistor, are reflected as a movement of thè 
load line, parallel to itself. 
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The input Ioad line whìeh we have just drawn fixes a point D on thè -Vbe 
axis. We will now consider what happens wlien thè generator voltage varies 
with respect to thìs point (Fig* 148). 

Front instant t 0 to instant t v this alternating voltage increases from zero 
to a maximum positive value; thè base-emitter voltage then becomes less 
negative, and thè load line is displaced parallcl to itself, defining a point 
B on thè characteristic. From instant i t to instant thè alternating voltage 
decreases again to zero, and thè Ioad line retums to its originai position 
(point À on thè characteristic). From instant to instant f 3 thè alternating 
voltage increases from zero to a maximum negative voltage; thè base- 
emitter voltage becomes more negative and thè ioad line is displaced parallel 
to ìtself, thus defming a point C on thè characteristic. From instant t 3 to 
instant r 4 thè alternating voltage decreases to zero once more and thè base- 
emittcr voltage returns to its originai value, so that the Ioad line takes tip 
its originai position again, 

We thus see that the variations of the input voltage cause the input Ioad 
line to move parallel to itself, thus dcfìmng three points on the characteristic, 
The projections A\ B r and C* determine the variations of thè base current 
of the transìstor (printed in green), The red line in Fìg. 148 represents the 
generator current which would flow if the generator was short-circuited. 
The siepe of the input Ioad line depends on thè value of the generator 
impedance. 
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Let us first look at Fig. 149, in which thc input load line R fJ = 0 or, in other 
words, in which thè generator which drives thè stage has an infìmtely small 
resistance (voltage source). In this case: 

tan A — R v = 0. 

The angle whose tangent is equa! to 0 is 0°. This means that thè input load 
line is horizontal through point A (printed green in Fig. 150). 

We will now examine Fig* 151, in which thè generator impedancc R n — oo, 
This means that thè transistor is drìven bv a generator whose internai 
resistance is infinitely large. Ta this case: 

tan A = = co, 

The angle whose tangent is infinitely largc is 90 ° t and thè input load line 
is now obtaincd by erecting thè perpcndicular to thè horizontal line at 
point A (printed red in Fig, 150), 

It is thus evident that thè siepe of thè input load line decreases with de- 
creasing generator impedance (lower internai resistance of thè generator) 
but increases as this impedance increases {higher internai resistance of thè 
generator), We can also draw thè following conclusions from thè curve in 
Fig f 150: 

1) If thè input load line approximates to thè horizontaf thè transistor is 
driven by voltage variations. 

2) If thè input load line approximates to thè verticale thè transistor is 
driven by current variations. 
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d) -I Sue — /(-Vce) characteristic 

The d egre e of internai feedback of thè transistor cali he determi ned froni 
thè -Vbe ” /{-Vce) characteristic, 

Internai feedback 

The internai feedback of thè transistor is given by thè ratio of thè variations 
of thè base-emitter voltagc to ihosc of thè collector-emitter voitage, i.e. 
thè quotient AVbe}AVcb- We will ex piai n this on thè basis of Fig* 152* 
Suppose that -Vce = 5 V (point À*)> The perpendicular erected at this 
point determines point A on thè curve -Ib — 0. The perpendicular droppcd 
from this point to thè —Vbe gives point A'. Suppose that - Vce in- 
creases from 5 V to J0 V (point B")\ thè perpendicular erected at this 
point determines point C on thè horizontal line through point A and B on 
thè curve for -Ib — 0* The projaction of thè last point on thè -Vbe axis 
gives point B\ The angle A is determined by its tangent: 

tan A - CBjCA = A*$SA m B\ 

where A l B l represents thè variations A Vbe of thè base-emitter voltage, 
and A"B" represents that of thè collector-eniitter voltage A Vce ■ It follows 
from this that thè internai feedback of thè transistor is: 

tan A = — A Vbe! A Vce 

This increases as thè siope of thè -Vbe ~ /{- Vce) characteristic of thè 
transistor increases. 
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Variai ion of thè internai feedback 

In Fig. 153 point A" correspoods to a collector-emitter voltage - Vqe of 
5 V. The projection of this point on thè curve for -Ib = 0 detcrmmes 
point A , whose projection A' on thè -Vbe axis corresponds to 65 mV* 
If - Vce increases from 5 V to 10 V (point B" on thè -VeE axis), thè in- 
creased value corrcsponds to point C on thè horizontal line through point 
À f and point B on thè curve for -Ib — 0- The projection of B on thè - Vbe 
axis (#') gives a base-cmitter voltage of 70 mV. As we bave explained, thè 
internai feedback is given by thè tangent of angle A: 

tan A = CBjCA - A'B f IA*B* = A Vbe! A Vce 

or,since AV e b = 70—65 = 2mY-2x IQ~ Z V mxd AVce = 10 — 5 = 5V, 

tan A = AVbe/AVce = 5 X 10~ 3 /5 = iCT 3 . 

Point A" corresponds to a point D on thè curve for -Ib = 20 uà; thè 
projection D* of D on thè -Vbe axis gives - Vbe — 129 mV. The projection 
of B” on this curve (point £) corresponds to point E' on thè - Vbe axis. 
Le. 133 mV. In this case, thè internai feedback is: 

tan D = EFIDF — E'D f /A"B" = AVbe/AVce, 

or since we now bave A Vbe = 133 —- !29 = 4 mV = 4 X IO" 3 V, while 
AVce remains cqual to 5 V; 

tan D = 4 x 10 3 "/5 = 8 x IO" 4 . 

We may thus conclude that thè internai feedback of a transistor decreases 
as thè collector current increases. 
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e ) Pc max =f(T am J,) characteristic 

In designing a transistor amplifier onc must take into account noi only 
thè four characteristics that we have just discussed, but al so thè characteris- 
tic which indicates thè maximum perniissible collector dissìpation Pcm ax 
as a fimction of thè ambient temperature This characteristic is shown 
in Fig* 154. 

Explanation of thè characteristic 

Suppose that thè ambient temperature ìs 35° C We erect a perpcndicular 
at a point on thè abscissa which corresponds to 35° C; this determlnes 
point À on thè characteristic, The projection of this point on the ordinate 
(point À r ) gives thè maximum permissible collector dissìpation as 100 mW ( 
An ambient temperature of 45° C corresponds to point B on thè characteris¬ 
tic and point B' on the ordinate, which represents a maximum permissible 
collector dissìpation of 75 mW, This means that thè maximum permissible 
collector dissipation at 45° C is 75 mW. In the sanie way, we can read 
from the graph that the maximum permissible collector dissipation at a 
temperature of 65° C is only 25 mW. 

It is thus evident that the maximum power which can bc dissipated by a 
transistor depends on thè ambient temperature, and decreases as this 
temperature increases. Novv thè maximum permissible collector dissipation 
sets a limit to the maximum output power of thè transistor, which is there- 
fore also temperature-dependent. This will be explained in more datai! in 
thè following dìscussion of the Po nmx = /(T am b) characteristic, in combi¬ 
natimi with the -le — /(-Vce) characteristic* 
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The relationshìp between thè characteristìc and thè working poìnt of thè 
transìstor 

We will start with thè -/c — /(-Fejg) characteristìc in Fig. 155. The red 
ordinate Pcmax ìs at an angle of 45° to thè abscissa -Vce* The scale for 
-le is in milìiamperes and that for -Vqe in volts. The power scale on thè 
Pcm&x axis is obtained by projecting A, B , C t D and E on thè -le axis 
(points B\ C\ D' and E') and on thè -Va e axis (points A\ B\ C ff t 
D\ and £")■ The points A', B\ C\ D f and E ' correspond to collector 
cnrrents of 2.5, 5, 7.5, 10 and 11 mA, while points À" y C", D" and E* 
correspond to collector-emìtter voltages of 2.5, 5, 7.5, 10 and 11 V. 

Sìnce thè power dissipated in thè collector is equal to thè product of thè 
collector-cmitter voltage and thè collector current, 

Pc = Vqe' 

thè collector dissipatìons at points À> B , C, D and E are 6,25, 25, 55, 100 
and 125 mW respectively. 

Points A , B y C y D and E correspond to points A t , B lt C l9 D 1 and E t on thè 
Pc = /(Famb) characteristìc, The projections of thè latter points on thè 
T &mb axis determine thè points C%, D 2 and E 2 . (Poìnt Fis found by 

marking off thè distance OE — 125 mW on thè T am b axis, so that OF = OE. 
The Fcmax — /(Tamb) characteristìc of Fig, 156 shows that a dissipation 
of 6.25 mW (A) is permissiblc at an ambient temperature of 73° C ( A a ), 
a power of 25 mW (B) at an ambient temperature of 65° C a power 
of 55 mW (C) at an ambient temperature of 53° C (C^), a power of 100 
mW (D) at an ambient temperature of 35° C ( D 2 ) and a power of 125 mW 
(£) at an ambient temperature of 25 ù C ( E< t >). 
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Suppose that thè transistor is to operate at an ambient temperature of 
53° C, corresponding to point E (printed red) on thè fcmax = /(T'ami)) 
characteristie of Fig. 157. The projcction of point E on thè Pc-max axis 
corresponds to a maximum permissive collector dissipation of 55 mW. It 
is now possi Ve to draw, through this point on thè -le = f(-VcÉ) char- 
acteristic, thè hyperboìa which is thè locus of all points corresponding to 
a power of 55 mW. 

In thè red hatched region A f thè collector dissipation is greater than 55 
mW, and care must be taken io arsure that thè load line remains ontside 
this region under all circumstances.* 

Region B corresponds to collector dissipations of less than 55 mW. The 
red load line of Fig. 157 can be used without any danger of thè transistor 
being damaged. 

If thè transistor is to be used at a temperature of 65° C, thè maximum 
permissive collector dissipation is only 25 mW, The hyperboìa for this 
power (printed green in Fig. 158) is thè limit of thè green-hatched region 
ontside which thè load line must lie. (region C). 

For r a mb = 65 s C thè continuous green load line determines thè load 
resistance at which thè collector dissipation is a maximum, without thè 
transistor being in danger of being damaged (region Z>). The broken green 
line is thè load line which can be employed at an ambient temperature of 
65° C under certain special conditions. Under these conditions thè collector 
dissipation does in fact beconie greater than 25 mW if thè working point 
shifts from L to M. 

In fact, if thè permissive load ìs a resistance, it depends on thè ambient 
temperature. In order to estabìish an accurate relati onship between thè 
dissipation and thè ambient temparature, we must take thè following 
factors into account: 

The thermal conductivity from thè "centre” of thè transistor to its 
surroundings. 

The ambient temperature. 

Variations in thè eleetrical power as a time function. 


* This conditici) does not apply to a class B push-pull stage or to pulse drive. 
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f) Closet examination of thè -le — /(-I^ce) characteristic 
The -le —/{-Vce) characteristic of Fig. 1 59 suggests that we might examine 
thè foliowing tvvo points more closely; 

The collector-emitter voltage -Vcek at which thè characteristic 
flattens out {thè knee voltage) 

The leakage current ~ Igeo* 

Knee voltage 

At very low voltages thè characteristic shows a sharp bend, simìlar to that 
of thè I a — f(V a ) characteristic of pentodes, bui for transistors this bend 
occurs at much lower voltages than it does for pentodes. This is a very 
important advantage of transistors, becausc they can be driven so far that 
thè collector-emitter voltage beco me s very low. 

Let us consi de r point A in this simplìfìcd and ideal ized family of char- 
acteristics; this point corresponds to point A* 011 thè abscissa and poìnt 
A' on the ordinate. Tf we draw a horizontal line through poìnt A s thè angle 
between this line and thè characteristic represents thè output impedance 
of thè transistor: 

tan À — I/h 0 (compare page 137). 

Angle A is amali, so that tan A is also smaìl, and the output impedance h 0 
is therefore high. 

Point B on the characteristic corresponds to B" on the abscissa (a value 
lower than -Vcek) and to a point B* on thè ordinate. If we now draw a 
horizontal line through point B 7 this line makes a very largo angle with the 
characteristic; tan B is now large, and thè output impedance is low. 
The knee voltage of a transistor is defined as thè collector-emitter voltage 
at which, for a given collector current, the output impedance is subject 
to a sudden change. Àt collector-emitter voltages lower than -Vcek thè 
output impedance of the transistor is very low, and only a little power is 
dissipated in the transistor itself. 
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Leakage current -Igeo 

The oecurrence of thè leakage current -Igeo, whtch has already been ex- 
plained on page 117, will now be examined in more delaiì on thè basis of 
Fig, 160, in which thè coliector current is again plotted as a funetion of 
thè collector-emitter voltage, This current varies considerably with thè 
temperature, and this faclor must be taken into account in thè design of 
a circuit. The straight line in thè figure is thè load line, and thè working 
point is at A . The varìations of tire input signal cause thè coliector current 
to swing to and fro about A . The amplitude of this displacement is limited, 
on one side by thè knee voltage -Vcek and on thè othcr side by thè 
leakage current -Igeo* 

If thè temperature irtereases, thè leakage current will also increase (printed 
red in thè figure). This increase in -Igeo causes point A to move in thè 
direction of increasing current. 

The correct choice of thè working point is therefore of thè greatest im- 
portance; thè operating conditions of thè transistor must always be chosen 
so that thè chance of distortion occurring is as small as possible, particularly 
with large signals. With small signals thè choice of thè working point is 
less criticai, and consequently this point is not in thè first place determined 
by thè leakage current -Igeo* 
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CHAPTER 20 


Transistor parameters 

The above discussion of transistor charaetcristics has shown that, in using 
these characteristics, account must be taken of thè following important 
parameters : 

The input impedance 
The output impedance 
The current gain 
The internai feedback 

The object of this chaptcr is to defìne these four fundamental parameters 
in more detail, and to study thè vanations which occur in them. 

20, h The equivalerti; circuit of thè transistor 

Fig, 161 represents thè equivalent circuit of thè transistor, Bctween thè 
base and thè emittcr there is a resistance R bef which is in fact thè base- 
emitter resistance of thè transistor, Bctween thè base and thc collector 
there is a resistance R bci representing thè base-collector resistance or thè 
feedback impedance of thè transistor. Bctween thè collector and thè cmitter 
there is a resistance R ce , representing thè collector-emitter resistance of 
thè transistor. 

In this way 3 we bave defined thè transistor as a passive element (for iow 
frequendes), but we must al so take its active opera tion into account. To 
do this, we con ned a current generato! a ero ss thè output terrninals, thè 
internai resistance of this generator being infinite (see Fig, 162). The various 
parameters which we Jiave just discussed are determined in prineipal by 
thè mutuai relationship between thè electricai quantities. 
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The four parameters can be defined with thè aid of thè circuit of Fig. 163. 
In this figure v x represents thè input voltage of thè Circuit, i, represents thè 
current flowing in thè input Circuit, v 2 thè voltage across thè output terminals, 
and i 2 thè current flowing in thè output circuit. The quantities associated 
with thc input circuit are indicated by thè subscript 1 and those associated 
with thè output circuit by thè subscript 2. 

It is now possible to detcrmine thè mutuai rclationships between these four 
quantities i 2 , v, and v a ). The relationship between two of these quantities 
is represented by thè Symbol h with a lettcr subscript. (Previously, two 
figure-subscripts were used, corrcsponding to thè subscripts appearing in 
thè numerator and thc denominato r). 

The relationship between thè output current and thè input current is thus 
represented by thè symboi: 

h,(= h 2 i) = 4/h- (f foT “forward”) 

In defining these parameters it is aiso important to know how thè transistor 
is connected. For this reason therefore, it is also necessary to indicate 
whether thè transistor is in common base, common e mi iter, or common 
collector. To this end, thè Symbol h, is followed by a second subscript 
(b, e or c), thè small Ictter indìcating which electrode is common to both 
input and output cìrcuits. In thè common-emitter configuration, therefore, 
thè ratio of thè output current to thc input current is represented by thè 
symboi h. fe . 
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The ratio of thè input voltage v A to thè input current 4 with short-circuitcd 
output (Fig. 164a) is known as thè input impedance of thè transistor* and 
is representcd by: 

K (= = Vitti 0' for “input”) 

The ratio of thè output voltage v 2 to thè eunent through thè output circuii 
i 2 with open-circuited input (Fig. 164b) is termed thè output impedance of 
thè transistor. Howevcr* it is more usuai to employ thè reciprocai of this 
quantky* he. thè output admittanee of thè transistor: 

M= (o for “output”) 

The ratio of thè output current i. 2 to thè input currcnt i l with short-circuited 
output (Fig. 164c) is termed thè current gain of thè transistor: 

h u = (h 21c ) = 4//j. (/for “forward”) 

The ratio of thè input voltage v l to thè output voltage % with open-circuited 
input (Fig. 164d) is termed thè internai feedback of thè transistor* 

h rB (= IW = h/v (r for “reverse'’) 

It should be remembered that these parameters may only bc used for small 
sìgnals and under special conditions (either open-circuited input or short- 
circuited output). 

We will now exami ne thè methods which cnable us to measure and in¬ 
vestigate thè variations experienced by thè parameters which determine 
thè electrical behaviour of thè transistor (input impedance* output impe¬ 
dance* current gain and internai feedback). 
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20.2. The input impedance of thè transistor 

The input impedance is thè ratio of thc input voltage, (base-emittervoltage) 
to thè current flowing in thè base Circuit. 

a) Measurement of thè input impedance 

To measure thè input impedance we can use thè circuit shown in Fig. 165. 
Switch 1 open 

The a.f. generator wliich is connected across terminals A and B supplies a 
voltage of 10 V for examplc, at a frequency of 1 kc/s. The current flowing 
in thè input circuit (Fig. 166) depends on thè resistance (in this case 1 Mf2) 
in serics with thè generator and on thè impedance of thè transistor, which 
can be neglectcd hcrc, The current flowing in thè input circuit is thus: 
4 = 10/10 6 = 10-» A = 10 pA. 

Suppose thal thè current gain = 50. The collector current wiil then be 
equal to: 

i c = “ 50 X 10 = 500 uA. 

The voltage across thè load resislance of 1 k42 in thè collector circuit is 
equa] to: 

V RL = RlJ c - IO 3 X 5 X IO -4 = 0.5 V. 

This voltage can be measured by mcans of a valve voltmeter across ter¬ 
minals C and D . 

Switch 1 closed 

Let us now examine thè situation when switch 1 is closed {Fig. 167). The 
equivalent circuit is drawn in Fig. 168, Potentiometer R x is adjusted so 
that thè valve voliincter now indicates half its previous reading (0.25 V), 
Consequently, thè collector current is now equal to: 

= vrl/Rl = 0.25/IO 3 = 25 X IO” 5 A = 250 uA. 
which corresponds to a base current of: 
h - ìJK = 250/50 - 5p A, 

The current flowing through thc 1 M Q resistance is equal to thè sum of thè 
base current and thè current through thè potenti ometer. The current i is 
stili 10 ijlA, sincc h t - and R x can be neglectcd in relation to 1 M Q. From 
this we see that ÌR t = ; — in, = 10 — 5 = 5 \iA. 
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Às thè currents ì hi and ìr x are equal, thè input impedances and 7? 1 are 
also equa!. The input impedance of thè transistor can thus bc determined by 
measurmg thè value of R 1 by means of an ohmmetcr. However, this mea- 
urement is only valid if thè - le — /(-/b) characteristìc is completely linear, 
(only then is thè eurrent gain Constant)* 

As thè method we bave just described can only be used in certain cases, it 
is desirablc to have a more generai method of determining thè input im¬ 
pedance of a transistor for large powers. This is becausc a transistor of 
this type has a sharply curved -le = /(-/b) characteristìc. The required 
method is based on thè circuit of Fig. 169* 

The a*f. generator is connected across terminals A and £, and drives thè 
transistor vìa a resistance of 10 k£? and thè variable resistance The 
decoupfing capacitor C prevents thè direct-current operating conditions of 
thè transistor from being disturbcd by thè a*f* generator. Valve voltmeters 
for reading thè a.f. alternating voltage are connected across thè potentio- 
meter and between thè base and emitter of thè transistor* 

Fig. 170 represents thè equivalent circuit* The potentìometer is adjusted 
until both voltmeters indicate thè same voltage, The voltages across thè 
resistance R % and thè input impedance r ht = h* are then equal, (\\ = v &e ), 
since these are in se rie s and thè same eurrent flows through both. The input 
impedance is thus equal to thè value of which can be determined by 
means of an ohmmeter* For this method it Is necessary to have two valve 
voltmeters, hence it will only be employed if thè characteristìc of thè tran¬ 
sistor is not linear. 
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b) Variatimi of thè input impedance as a function of thè collector 
current 

It is possible to measure thè input impedance of thè transistor for various 
values of thè collector current - le . This can be done by one of the methods 
already discussed, when it will be found that the curve h^ — /(-/c) is as 
shown in Fig, 171, From this we see that thè input impedance decreases 
sharply as thè collector current increases, The variations of the input im¬ 
pedance as a function of the basc-cmitter voltage, and thus of the base 
current, bave already been explained on page 154. As a reminder, Fig. 145 
is repeated bere as Fig. 172. 

c) Variation of the input impedance as a function of the collector- 
emitter voltage 

In order to determine the variatici! of the input impedance as a function 
of the collector-einittcr voltage we employ the circuit of Fig. 173. By means 
of potentiometer the collector-emitter voltage can be adjusted to various 
values, which can be read from the d.c* voltmeter. The input impedance 
is found to increase slightly with the coìlector-emitter voltage, as shown 
by the curve of Fig. 174. 
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20.3. The output impedance of thè transistor 

The output impedance of thè transistor is thè ratio of thè collector-enti t ter 

voltage v c * to thè collector current i 0 (see Fig. 175). 

a) Measurement of thè output impedance 

The output impedance ean be measured by means of thè circuit shown in 
Fig. 176. The a.f, generator is connected aerosa thè terminals À and B 
and thè ari. voltmetcr is connected between terminals C and D. Fig. 177 
is thè corrcsponding cquivalcnt circuit. The bridge Circuit formed in Ibis 
way is in equilibrium ìf thè resistances h^ and R } are equa!, in which case 
thè voltage between terminals C and D is a minimum. This state of equilib- 
rium can be adjusted by means of potentiometer R v The output impedance 
h„ of thè transistor is equal to thè vaine of R 1? which can be measured 
by means of an ohmmeter. 

b) Variation of thè output impedance as a function of thè collector 
current 

The method described bere can be uscd to measure thè output impedance of 
thè transistor for various valucs of thè collector current —le- This impedance 
is found to decrease rapidly as thè collector current increases, as shown 
in Fig. 178. This can be explained on thè basis of thè -/<? — /(-Vce) char- 
acteristic. (see Fig, 179). 

The angle between this characteristic and thè horizontal defìnes thè output 
impedance* according to thè equation : 

tan A = l/h 0 . 

This angle iucreases with thè collector current, so thal its tangent also in- 
creascs, and thè output impedance thus decreases, Fig. 180 shows how thè 
output impedance of a transistor decreases graduai ly with thè collector- 
emitter voltage, uniti thè latter drops beiow thè knee voltage - Vcek\ past 
this point thè output impedance drops very rapidly to a verv low vaine. 
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20.4. The current gain of thè transistor 

The current gain h fe of thè transistor is defìned as thè ratìo of thè colleetor 
current i c io thè base current i b in thè grounded-emitter configuratici! 
(Fig. 181). 

a) Measurement of thè current gain 

We wìll assume that thè transistor has a practically linear -la 
c ha racle ri stìc, like type OC 71, for example, To measure thè current gain, 
we employ thè circuii of Fig, 182. The a.f. generator is connected to thè 
base-emitter circuii via a resistance of 1 Mi2, The decoupiing capacitar 
prevents thè direct-current operati ng conditions from being disturbed by 
thè a.f. generator. The equivalent circuii is ilìustrated in Fig. 183. If thè 
a.f, gcnerator has an output voltage of 10 V, thè resulti ng current flowing 
in thè base-emitter circuii is: 

h = 10/{10 6 + h J ££ 10“ 5 A — 10 pÀ. 

sincc hj can be neglected in relation to thè resistance of 1 M Q. 

The a.f. voltnieter which is connected across thè load resistance of I kQ 
indicates thè voltage across this resistance. Suppose that this voltage V Q 
— 0.5 V. This raeans that thè colleetor current is: 

i c = VJRl = 0.5/10 3 - 5X IO -4 A = 500 pA. 

The current gain of thè transistor can now bc calculated from thè known 
valucs of thè colleetor current i c and thè base current i b \ 

h u = iJh = 500/10 — 50, 
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b) Variation of thè current gain as a function of thè coilector current 
To deterrai ne thè variation of thè current gain as a fnnction of thè coilector 
current, we can use thè circuit of Fig. 184. The base-emitter voltage - Vbe, 
andthusthe base current -Ib can he adjusicd by means of Variations 
in thè base current will cause variations in the coilector current -le* The 
current gain can now be measured as al ready de seri bed, for various values 
of thè coilector current, whìch can be measured by means of the mUliam- 
meter connected in series with thè Ioad resistance Rl- With an a,f, generator 
output voltage of 10 V, thè current in the base-emitter circuit of the tran¬ 
sistor will remain equal to 10 pÀ because, although the transistor input 
impedanee will vary with the coilector current, this impedauce will always 
be negligiblc in relation to the 1 resistance, 

For a small-signal transistor, such as the OC 71, this curve will be practically 
fiat, as can be seen from Fig, 185. For a transistor for bigher powers, 
whosc -le = /(-/#) characteristic is not linear, however, thè current gain 
will decrease with increasmg coilector current (see Fig. 186). 

c) Variation of the current gain as a function of the collectot-emit- 
ter voltage 

In order to measure the variation of thè current gain as a function of the 
collector-emitter voltage, we connect a d,c. voltmeter between the coilector 
and the emitter of the transistor. The collector-emitter voltage can be 
adjusted by means of R v The current gain can now be determined as de¬ 
aeri bed above, for various values of the collector-emitter voltage, giving 
a curve as shownin Fig. 187, This shows that the current gain is practically 
independent of the collector-emitter voltage. 
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20,5. The internai feedback of thè transìstor 

The internai feedback of thè transistor is defined as thè ratio of thè base- 
emitter voltage v^ e to thè collector-emitter voltage v ee . 

a) Measurement of thè internai feedback 

The internai feedback of a transistor can be measured by means of thè 
Circuit shown in Fìg. 188, The agenerator is cormected to terminate A 
and B , and thè aX valve voltmeter to terminals C and Z>, The a.f, generator 
is adjusted so that this meter indicates a voltage of 0,5 V, With thè same 
voltmeter, we now measure thè voltage between thè terminals E and F. 
Ibis is thè base-emitter voltage v be of thè transistor, The internai feedback 
is = v b Jv cef and is also glven by thè ratio of thè input impedance of 
thè transistor to its output impedance, The equivalent Circuit, includi ng thè 
internai feedback, is shown in Fig, 189, 

b) Varìatkm of thè internai feedback as a funetion of thè collector 
current 

Silice thè collector current -le is determined principal ly by thè base current, 
thè former depends on thè position of potentiometer i?=>. We can now 
repeat thè above measurements for different values of thè collector current, 
this current being measured by means of thè d,c. anime ter connected in 
series with thè load resistance, 

The curve obtained in this way will be similar to thè one shown in Fig, 
190, From this we see that thè feedback decreases sharply with increasing 
current, for low values of the collector current, but remains praciically 
Constant at higher values of the current, The explanati on of this effect is 
obvious, since the internai feedback of the transistor is defìned as the ratio 
of the input impedance to the output impedance, and the former decreases 
as the collector current increases. 
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The -Jb — /(-Vbe) characteristic of Fig. 191 shows that thè input impedance 
is high at low values of thè base current, and low for high values of this 
current; at very low values of thè base current thè input impedance in- 
creases steeply. This efFect has already been mentioned on page 154 in 
connection with thè variation of thè input impedance as a function of thè 
collector current, 

The internai feedback ìncreases with thè vaine of thè input impedance, and 
is a maximum at a low base current (low collector current); at highcr values 
of thè base current (and collector current) thè feedback approaches a Con¬ 
stant value, 

c) Variation of thè internai feedback as a function of thè collector- 
emitter voltage 

To measure thè variation of thè internai feedback as a function of thè 
collector-emitter voltage, we use thè Circuit of Fig. 192, By mean$ of po- 
tentiometer we can adjust thè collector-emitter voltage, which is then 
measured by means of thè d.c. voltmeter between collector and emitter. 
We now repeat thè measurements which have already been described, for 
different values of this voltage. The resulting curve is as shown in Fig, 
193, front which we see that thè internai feedback of a transistor decreases 
slightly as thè collector-emitter voltage ìncreases. 
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CHAPTER 21 


Forward transfer admittance or slope 

The four parameters which have been discussed in thè prcvious chaptcr 
are mueh used for a.f, application. Por r.f. circuits. y parameters, of which 
thè forward transfer admittance or slope of thè transistor is thè most im¬ 
portane are normally used. This is because it is possible to drive a tran¬ 
sistor in a number of different ways, and with one of these (voltage drive) 
therc are great advantages to be gained by introducting thè conception of 
“slope*’, represented by thè syrnbol y /fl . 

21.1. Thermionic valves 

The siepe of a thermionic valve is given by its I a = f{V g ) characteristic, 
that is, by thè curve which represents thè anodc current as a function of 
thè grid current. (Fig, 194). This quantity is given by thè exprcssion; 

5 - A[JAV g . 

If we term thè grid-cathode circuii of a valve thè input circuii, and thè 
anode-cathode Circuit thè output circuii (Fig. 195), we can describe thè 
slope of a valve as thè ratio of thè variation of current in thè output circuii 
to die voltage variation in thè input circuii which causes this variation of 
current. 

21.2. Transistors 

We can start from thè same basis idea with transistors. To this end, we 
term thè base-emitter circuit thè input Circuit, and thè collector-emitter 
Circuit thè output circuit (see Fig. 196). By thè slope of a transistor, we 
understand thè ratio of variations of thè collcctor current (thè current in 
thè output circuit) to thè corresponding variations of thè base-emitter 
voltage (thè voltage aerosa thè terminals of thè input circuii): 

= hjVBE* 

This slope can be deduced from thè -le — /(-Vee) characteristic of thè 
transistor. This characteristic, which is often not supplied by thè manu- 
facturer, can easlly be deduced from thè - le — /(-Ib) and -Is — /(- Vbe ) 
characteristics. 
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21.3. Derivation of thè -le — f{-V be ) characteristic 

In order to deduce thè -la — /(-Vbe) characteristic of a transistor from 
thè —le =/(-/#) and -In — /{-Ver) characteristics given in Fig. 197, we 
set to work as follows. As shown in Fig, 198, wc mark out -Vbe a long 
thè abscissa, and -Jc along thè ordinate. 

From Fig. 197 it follows that poìnt A , with -Vbe = 70 mV, corresponds 
to -Jb — 0 and -Io ~ 0. In Fig. 198 we now mark thè point which cor¬ 
responds to - Vbe = 70 mV and -le — 0 (point ^). Simìlarly we fìnd that 
thè points-/c = 0.5 raA, 1 mA and 4,5 mA (points B lt C v and Z> A ) correspond 
to -Ver = HO mV, 130 mV and 190 mV. 

Usìng thè set of eo-ordinates given in Fig. 197, therefore, it is suffici ent 
to determine thè collector current for a given vaine of Vcb as a funetion 
of thè base-emitter voltage, and to plot thè values thus obtained as in 
Fig. 198, 

21.4, Determination of thè slope from thè -le = /(- Vbe ) 
characteristic 

In order to determine thè slope of a transistor from thè -le — /(-Vbe) 
characteristic derived as described above, we select a point À , at which 
- Vbe is 100 mV (point A ") as shown in Fig. 199. Throngh this point we 
draw a horizontal line which gives us point A' on thè -le axis. We now 
draw thè tangent to thè curve at point A; this tangent forms an angle A 
with thè horizontal. If we now take a point B% such that -Vbe = 150 
mV f this corresponds to poìnt C on thè horizontal line through point A, 
and to point B on thè tangent to thè curve through point A, The projection 
of point B onto thè -le axis gives point B\ The slope of thè transistor 
is now: 

y u = tan A = BC/AC = A'B'/A'B' = AIclAV BE . 

The tangent of thè angle between thè characteristic and thè horizontal 
determines thè slope of thè transistor at a given point. 
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21.5. Variation of thè slope as a function of thè collector 
current 

Let us consider point A on thè characteristic shown in Fig, 200, at which 
-Vbe — 100 mV (Point A "). The horizontal line throngh this point gives 
point A' on thè -le axis. We also draw thè tangent to thè curve at point A . 
Point B" on thè abscissa» at which -Vbe ~ 150 raV, corresponds to point 
C on thè horizontal line through point A and to point B on thè tangent 
to thè curve through this point. The projection of B on thè -le axis gives 
point B\ 

The slope of thè curve at point A is now given by: 

y ulA ) - tao A = BC/AC = A’ffjA'B* = AI c /AV B e = 1/0.05 = 20 mA/V. 

Suppose we had taken point D f \ corresponding to - Vbe — 160 mV, instead 
of point À ". This determines thè working point D on thè -la ~ /{-Vbe) 
characteristic. The horizontal line through point D (printed red) determines 
point D* on thè -le axis. If we now ercct thè perpendieular at point E* 
corresponding to -Vbe ~ 200 mV, this gives us point F on thè horizontal 
line through point and point E on thè tangent to thè curve at point IX 
The projection of point E on thè -7c axis gives point E\ Consequently, 
thè slope at point D is: 

y /B [Z>) = tan B — FE/DF= D'E'/D "E* = Alci A Vbe = 2.4/0.04 = ÓOm A/V, 

The above calculations show that thè slope of thè transistor increases with 
thè collector current. 
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The gain of thè transìstor depends on its slope, provìded that thè signal 
conveyed to thè input can be regarded as a voltage, and in that case a 
large slope is hnportant in obtaining a larga gain. To achic ve this, however, 
we ha ve to accept a relatively large Constant collector current As we see 
from Fig. 201, a slope of thè order of 100 mA/V can be obtained with 
an OC 71 type transistor if thè working point of thè transìstor is plaeed 
at -I c = 5 mA, In thè next chapter wc shall show that thè power gain is 
a maximum if thè load resistance (or thè load impedance) in thè collector 
circuii is very dose to thè output impedance of thè transistor. 

Let us assume that we do in fact select thè working point of an OC 71 
transistor so that thè Constant collector current is 5 mA. The -le =f(-VcE ) 
cliaracteristic of this transistor shows that its output impedance ìs approxi- 
mately 10 k Q. It is elear, however, that with a supply voltage of 10 V, for 
example, and a collector current of 5 mA, thè load resistance must be 
mudi lower than 10 k Q, in connection with thè voltage drop taking place 
across it. Mutatus mutandi, for a load resistance Rl of 10 kfi, thè Constant 
collector current must be made considerably lower than 5 mÀ, e.g. -Ic 
~ 0.5 mA (see Fig, 202). At this value of thè collector current, however, 
thè slope of thè OC 71 is much less than 100 mA/V. 
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This objection can be met by employing an inductive load {see Fig. 203), 
If thè impedantì of this load is Zj ■ = 10 k Q, and if its resistance can be 
neglected, thè collector-emitter voitage - Vce will remain practically equal 
to thè supply voitage -Vcc = 10 V, Tn this way it is possible to make full 
use of thè largo slope, but it should be remembered that low distortion in 
thè amplifier stage may be just as desirable as a high current gain. 

In thè next chapter, it will be explained that thè use of thè conception of 
slope is only of vaine if thè transistor is driven in a particular way, and 
that in most cases this gives rise to significant distortion. In addition, as 
al ready explained, a iarge colleetor current has to be aceepted in order to 
obtain a large slope, at thè cost of thè efficiency of thè stage. 
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Fig. 203 
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The dynamic siepe of a radio valve can be calcolateti from its equivalent 
circuit; this comprises an input Circuit and an output circuit, By definition 
then, thè slope equals thè ratio of thè alternating current m thè output 
Circuit, to thè voìtage across thè input terminals, If we look at a transistor 
in the sa me way, with an output circuit and an input circuit, thè collector 
current, he, the current in the output circuii, is found to depend on thè 
base current, he, on thè current fìowìng in thè input circuit (see Fig, 204), 

Variations in the base-emitter voltage are accompanied by variations in 
the base current, or in other words, variations of the input voltage are 
accompanied by variations in the driving current. Suppose that point A 
on the -Ib = /(-Vee) characteristic is chosen as the working point, so 
that -Vbe ~ 100 mV, point A" (Fig, 203), We shall also assume that this 
voltage varies by 20 mV on each side of the working point, Points B * 
and C ff thus determined on the - Vbe axis define points B and C on the 
characteristic, The variations of base current which are caused by these 
variations in the base-emitter voltage are given by the projections of points 
A y B , and C on the -/# axis (A\ B' and C'), The amplitude of this current 
variation corresponds to approximatdy plus and minus 10 uA, If we had 
chosen the working point so that thè Constant base-emitter voltage was 
ISO mV, eorresponding to point D on the characteristic, and to points D* 
and D* on the — Vbe axis and on the - Ib axis respectively, thè sanie variations 
in the base-emitter voltage ( D ”, E ", F"), would now correspond to base- 
current variations of approximately plus or minus 30 jjlA (D\ E\ F f ), It 
is thus evident that the base-current variations which are caused by varia- 
tìons in the base-emitter voltage depend on the working point which is 
chosen, Le, on thè operating conditìons of the transistor. 
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The effect described on thè previous page only occurs in thè base-cmittcr 
circuit of thè transistor, that is ? in thc equivalcnt input Circuit For small- 
signal transistor* this is thè only factor which influences thè slope. The 
_/ c = f(-ÌB ) characteristic of this type of transistor can be regarded as 
practicallv straight, so that thc relationship between coliector-current varia¬ 
tions and variations in thè base-end tter voltage is dctcnnincd cxclusively 
by thè relationship between base-current variations and variations in thè 
basoemitter voltage, This is not trae of transistor for higher powers. The 
-le = /(-/jj) characteristic of these transistor is non-linear, so that thc 
relationship between coliector-current variations and variations of thè base- 
emitter voltage also depcnds on thè relationship between coliector-current 
variations and base-current variations (see Fig. 206), 

This effect is explained further in Fig. 207 in which thè black curve re- 
presents thè -le = /(-&) characteristic of a higher-power transistor, 
Variations of thè base current give rise to thè coliector-current variations 
which are printed black in thè figure. If thè -le = /(-/j?) characteristic 
was linear (printed in red), thè same variations of base current would 
result in greater variations of collcctor current 
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Fig, 208 
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CHAPTER 22 


Methods of driving small-signal transistore 

The input impcdance of thè transistor is a factor which must be taken 
constantly into account in thè design of an amplifìer stage, This is because 
thè method of driving a transistor is in thè first place a question of matching, 
This match ing affects thè foilowing two extremely imporlant factors: 

The power gain of thè circuit; 

The occurrence of non-linear distortion* 

We bave already expiained on page 157 how thè input Ioad R 9 can be re- 
presented in thè characteristics of thè transistor, We shall again assume 
that thè base-emitter circuit is driven by a generator (see Fig, 208). This 
can be regarded as a voltage generator, thè internai resistance of which 
is zero, and which is cormected aerosa thè terminals of a circuit in which 
thè generator resistance is connected in series with thè input impedance 
of thè transistor (Fig. 209), 

If thè base-emitter voltage -V B e on thè -Ib = /(- Vbe ) characteristic of 
Fig. 150 is adjusted so that it corresponds to point A on thè curve, thè 
angle between thè input load line and thè horizontal will incrcase as thè 
resistance of thè generator increases. 
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We will now examine thè follo wing three cases scparately: 

Drive by a source with low internai resistance (voltage drive) 

Drive by a source with high internai resistance (current drive) 
Drive by a source whosc internai resistance is of thè sanie order of 
size as thè input impcdanoe of thè transistor (mixed current-voltagc 
drive)* 

The method of driving thè transistor has a great effect on thè gain and on 
thè linear distonico of an amplifier stage* 

22*1. Voltage drive 

Fig* 210 represents a transistor with voltage drive. A generator having a 
very low internai resistance is connected to thè base-emitter circuii of thè 
transistor, Lct us assume that this resistance is R g — ÌOQ and that thè input 
impedance of thè transistor h* = 1000/2, Fig, 211 represents thè equivalcnt 
circuit* 

Now thè input impedance of a transistor varies with thè vaine of thè base 
voltage, i,e* with its input voltage* if this is a pure sine wave, thè input 
impedance will swing betwccn two limits, which means that thè base current 
wiìl not be directiy proportioaal to thè applied voltage. In thè case under 
discussion, thè voltage supplied by thè generator is applied directly bctween 
thè base and thè emitter of thè transistor, so that we are dealing here with 
voltage drive. 
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Let us exami ne this case more closely on thè basis of thè -Ir = f(- Vbe ) 
characterìstic of Fig. 212. The Constant base-emitter voltage is 130 mV } 
which corresponds to a Constant base current of 20 pÀ. These two vatues 
determine thè point A on thè characterìstic. 

Through this point, we draw a straight line making an angle A wìth thè 
horizontal axis, sneh that tan A represents thè input load R g ; this line 
detennines point D on thè -V B e axis, We must now make a distinction 
between two cases: 

The transìstor drìven by sìgnals of large amplitude (large signals). 
The transistor driven by signals of small amplitude (small signals), 

Large-signal drive 

Let us suppose that thè unloaded generato r supplies a voltage of peak-to- 
peak vaine 80 mV, At instant / 0 thè load line passes through A on thè char- 
acteristic. Freni f 0 to t u thè altemating voltage supplied by thè generato! 
will increasc from zero to a maximum value, and thè load line will move 
parallel to itself, unti! at instant t L it passes through E on thè - Vbe &xis, 
and defìnes point B on thè characterìstic. 

From to t^ thè generator voltage decreases again to zero, so that at 
instant thè load line ìs once more in its originai posìtion. From to *3 
thè generator voltage decreases from zero to a maximum negative value; 
thè input load line now moves parallel to itself in thè direction of thè voltage 
variation, so that at instant t 3 , it passes through F on thè -Vbe axìs, and 
interseets thè characterìstic at point C, From to thè generator voltage 
decreases from thè maximum negative value to zero. Àt instant thè load 
line is a gain in its originai positiom 

The movement of thè input load line as a function of thè altemating voltage 
applied to thè input thus defìnes points A , B and C on thè -In = /(- Vbe ) 
characterìstic. The projections of these three points on thè - 1r axis ( À 1? 
B ± and C x ) give thè corresponding variations of thè base current. This 
shows that with a sinusoidal input voltage thè corresponding input current 
is not sinusoidal. 
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Once we know thc variations of thè base current, it is possible to determine 
thè corresponding variations of thè eollector current with thè aid of thè 
-le = /(-/tf) charaeteristic. Suppose that A ^ and C x are thè projections 
of points À, B and C on thè -Ir axis; these points detennine points A 2 > 
B % and C 2 on thè -le = /(-/j 5 ) eh ara eteri Stic. The projections of thè latter 
points on thè -le axis provide us with and C 3l which give thè corres¬ 

ponding variations of eollector current (Fig. 213). 

We will now re-examine thè -le = /(-Vbe) charaeteristic of thè transistor 
{see Fig. 214). As we explained on page 201, this charaeteristic can be 
derivcd from thè -le = /(-&) and -I3 — [(-Vbe) characteristics. If we 
mark point A" on thè -Vbe axis corresponding to -Vbe = 130 mV 5 this 
gives ns point A on thè charaeteristic and point A' on thè -le axis. This 
curve now enables us to rcad directly thè variations of eollector current 
prodneed by a sinusoidal base-emitter voltage, 

From r 0 to t 1 thè base-emìtter voltage changes from A " to B'\ corresponding 
to point B on thè charaeteristic and B f on thè -le axis. From 4 to t % thè 
base-emitter voltage changes from B* to A" corresponding to point A 
on thè charaeteristic and point A ' on thè -le axis. From t 2 to 4 thè base- 
emitter voltage changes from A " to C'\ corresponding to point C on thè 
charaeteristic and point C f on thè -le axis. From 4 to 4 thè base-emitter 
voltage changes from C* to A ", again corresponding to point A on thè 
charaeteristic and point A' on thè -la axis. 

The variations of thè eollector current with respect to thè base-emitter 
voltage can tfaus bc determined directly with thè aid of thè -le = [(-Vbe) 
charaeteristic. For voltage drive, thc slope of this charaeteristic is a very 
useful measnre of thè available gain. As has been shown, however, when 
tliis method of driving is applied to thè amplification of largo signals, it 
can Icad to considerale distortion. However, this comment is not of generai 
appìicability, as we have assumed that thè -la = /(- Ib ) charaeteristic is 
absolutely linear (with low output power). If thè transistor operating 
conditions are selected so as to deliver greater power, thè distortion will 
largely be cancelled by thè curvature of this charaeteristic. 
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Smalì-signal drive 

Let us assume that thè unloaded a,f, generator supplies a voltage of peak- 
to-peak vaine 10 mV (Fig, 215), and that thè input load line cuts thè -Ib 
—/(-Vbe) characteristic at instant / 0 at point A. As dcscribed in thè previous 
case, thè variations of thè input altemating voltage will cause thè load line 
to move to eithcr side of this position, 

The peak values of this voltage de termine points E and F on thè -Vbe 
axis and points B and C on thè characteristic. By projectìng points À 9 B 
and C onte thè -Ib axis, we obtain points A lt B 1 and C v 

We now fìnd that with a sinusoidal variation of thè base-emitter current, 
thè variation of thè base current is also (practically) sinusoidal* This must 
be ascribed to thè fact that if only a small portion of thè curve is utilised, 
this portion can be regarded as a strai ght line. 

As in thè previous case, we can again make use of thè -le = /(-Vbe) char¬ 
acteristic (Fig. 216), lf we mark on this curve thè point -Vbe =130 mV 
(point A *)> this corresponds to point A on thè characteristic and point A T 
on thè -le axis, 

The variations of thè base-emitter voltage are represented by the peak 
values of thè input voltage, that is by points B" and C" on the - Vbe axis, 
corrcsponding to points B and C on thè characteristic and points B* and 
C on thè -la axis, As for iarge input signals, the gain of a voltage-driven 
transìstor for small input signals is given by the slope of the -le — /(-Vbe) 
characteristic. 
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22.2. Current drive 

Fig. 217 represents thè transistor with current drive. The a.f. generato! in 
thè input Circuit now has a very hjgh impedance, e.g. R g - 1 MQ. The 
equivalent Circuit is given in Fig. 218. In this case thè current Ib can he 
taken as equa! to -VbbIR v > as thè input impedance h,- of thè transistor 
can now be neglected in relation to R,. This means that thè current in 
thè input circuit is determincd solely by thè generator impedance, and that 
variations of thè input impedance of thè transistor as a function of thè 
base-emitter voltage can havc no effect on thè current. If thè input voltage 
V is sinuoidal, thè base current I b will also be sinusoidal. 

The base-emitter voltage K le is equal to thè product of thè base current 
and thè input impedance of thc transistor; 

v bt = h-K 

Since thè input impedance of thè transistor is subject to variation, thè basc- 
cmitter voltage resulting when thè transistor is driven by a sinusoidal 
voltage will not be sinusoidal. We refer to this as current drive of thè tran¬ 
sistor. 
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Let us examine thè -Ib = /(-^jjjs) characteristic of thè transìstor (Fig* 
219), Assume that thè working point is chosen so that -Vbe =154 mV, 
corresponding to a base current -In = 40 jiÀ. The working point is re- 
presented by point A on thè characteristic. The input load line through this 
point will be very stcep because tan A — R q is very large, and angle A 
thus approaches 90 c . This load line dctermines point D on thè -I B axis. 
Once again, we will restriet ourselves fot thè lime being to consìdering thè 
transistor with operating conditions adjusted to give a small output power, 
so that thè -le =■/{-/») characteristic is practically a straight line. Let us 
assume that thè current supplì ed by thè generai or has a peak-to-peak value 
of 40 pA so that thè base current varies between 40 and 80 pA. From t Q 
to tj thè alternating current increascs from zero to a maximum positive 
value, and the input load line moves paralisi to itself from point D to E; 
at instant t u this line interseets thè characteristic at point D. From t 1 to t 2i 
thè alternating current decreases from the maximum positive value to zero, 
and the load line takes up its originai position once more. From t. 2 to / 3 
the alternating current changes from zero to a negative maximum, and 
the load line moves parallel to itself towards the other side, so that at 
instant t 3 it interseets the characteristic at C and defines a point Fon the 
-In axis. From t 3 to the alternating current again returas to zero, and 
the load line once more takes up its originai position (Point E on the -I B 
axis and point A on the characteristic). 

By projecting points A s D and C omo the -Ib axis, we obtain points 
B x and C 1 represcnting the variations of thè transistor base current (printed 
in red). We see that these variations are practically sinusoidal, corresponding 
to thè sìnusoidal input voìtage derived from the generato^ This shows 
that current drive oifers the possibility of amplifying relatively large signals 
with much less distortion than is possible with voltage drive. 
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22,3. The effect of thè generator impedance on thè internai 
feedback of thè transistor 
Voltage drive 

With voltage drive, tiie generator has a low impedance (mudi lower than 
thè input impedance of thè transistor), Now thè equivalent circuii for thè 
internai feedback contains thè impedance between thè base and thè collector 
of thè transistor, with any external Circuit elements connectcd in parallel, 
and also thè impedance between thè base and thè emitter with any external 
circuì! elements that may bc connccted in parallel. (see Fig, 220), 

If we represent thè equivalent resistance of thè base-collector circuit by 
R ì and thè equivalent resistance of thè base-emitter circuit by R 2f we ha ve : 

— h» and R 2 = + R ff ). 

Now with voltage drive R v is extremely striali, or in other words thè equi- 
valent resistance of thè input circuit becomes very low when viewed from 
thè output circuit. Silice thè feedback is given by thè quotient RJR V both 
it and R 2 will take on a very low value. This means that with voltage drive 
thè internai feedback of thè transistor can be neglected, 

Current drive 

With current drive thè generator has a high impedance which far exceeds 
thè input impedance of thè transistor In this case also, thè internai feed¬ 
back is of course determined by thè quotient RJR V fiere, however, R 2 is 
practically equal to thè input impedance of thè transistor, since thè impe¬ 
dance connected in parallel is relatively large (see Fig, 222). With current 
drive thè internai feedback of a transistor thus approaches thè maximum 
vaine h^, as dcscribed on page 181. 
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CHAPTER 23 


Methods of driving power transistors 

ìf a transìstor is to supply a large output power, thè curved part of thè 
-I c = f(f B ) characteristic (Fig, 223) will be employed. 

23,1, Current drive 

Let us assume tliat a transistor is adjustcd to a base-emitter voltage of 
340 mV corresponding to a Constant base current -Ib of 1 mÀ and a Constant 
coliector current -le of 62 mA (point A on the -Ib =/(- Vbe ) characteristic), 
Wc will first consider the case in which thè transistor is driven by a generator 
with a very high resistance (current drive)- The input load line is then re- 
prescnted by a very steep straight line* The load line through point À 
defines point D on the -Ib axis. 

Here too, the variations of current in relation to point D on the input 
Circuit wili affect the poshion of the input load line. Proni r 0 to the load 
line moves from point D to point £, cutting the -Ib — /(-Vbe) charac¬ 
teristic at point B. From t 2 to t 3 the load line moves from point D to point 
F t so that the -Ib = /(-Vbe) characteristic is cut at point D. From t B to 
thè load line retums to its originai position once more. 

The movement of this input load line as a function of the variations of 
current in the input circuii defines points À\ B' and C on the -Ib — 
characteristic, and the projection of these points onto thè -le axis (À 
B and C") show that thè sìnusoidal base current resulta in a non-sinusoidal 
coliector current* This means that when a transistor is being used to give 
a Itigli power output, the curvature of the -I# = f(-Ic) characteristic does 
not guarantee distortion-free amplication of large signals with current 
drive* Wc will now see whether voltage drive offers an improvement in this 
respect. 
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23.2. Voltage drive 

The di st o r ti on which may occur when a transistor is eurrent driven, as 
demomtrated on thè previous page, must be ascribed to thè curvature of 
thè -le — /(-Ir) characteristic. In this respect, voltage drive is frequently 
to be preferred. 

Fig. 225 shows thè characteristics of thè OC72 transistor. From thè figure 
wc can see that the curvature of the -le — f(ri b) characteristic is partisi ly 
compensated by the curvature of the -Ir — /(- Vbe ) characteristic. Suppose 
that thè base-emitter voltage in the absence of a signal is 320 mV. The 
Constant base eurrent then equals 1 mA and thè Constant collector eurrent 
is 60 mA, Point A represents thè working point on the - I B — /(- Vbe } 
characteristic. Às the impedance of thè generator which is driving the 
transistor is now very low, the input load line through this point will be 
almost horizontal, Let the peak-to-peak value of thè input alternating 
voltage be 160 mV. Às a result the load line will move symmetrically witli 
respect to its originai position, 

The extreme positions define points B and C on the -I B — f(- Vbe ) char¬ 
acteristic. The projections of these points onto the -1 B axis give thè variation 
of the base eurrent caused by variations of the base-emitter voltage: with 
these, we can de termine thè corresponding variations of thè collector 
eurrent. These are found to agree much better with the variations of the 
input voltage than they did in thè previous case, which must be ascribed 
to thè fact that the curvatures of the characteristics partly compensate 
each other. In this case, dherefore, voltage drive proves to be preferable to 
eurrent drive. The ideal method of driving a transistor would thus be to 
pass from eurrent drive to voltage drive when the input signal exceeds a 
certain value. 
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CHAPTER 24 


Matched drive 

We refer io matchcd drive if thè gcncrator impedance is equal or prati¬ 
cai ly equal to thè input impedance of thè transistor, or in other words if 
R ff h*. We wil] explain this in more detai 1 with thè aid of Fig, 226, 

Suppose that thè generato! impedance and thè input impedance of thè 
transistor both ha ve a vaine of 1 kO; in thìs case we ha ve thè equìvalent 
circuir of Fig, 227. The current fìowing in this Circuit is determined by thè 
generator voltage and by thè total circuii impedance, consisting of thè 
generator impedance and thè transistor impedance, 

This current is therefore: 

t - v/(R a + h<)* 

Sinee is equal to h* thè latter impedance cannot now be neglected, and 
a sinusoidal generator voltage of largo amplitude will cause non-sinusoidal 
variations of thè current, In its tura, thè input voltage v b& will depend on 
thè input impedance of thè transistor and, with a sinusoidal input current 
of great amplitude, will deviate from thè sinusoidal to thè same extent, We 
are thus dealing with both current drive and voltage drive, and it will be 
found that if undistorted amplìfication is required, this method is only 
suitable for small ampli tudes, Let us consider thè operation of a transistor 
with matched drive for thè following cases: 

1) For small signals. 

2) For large signals. 
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24.1 * Small signals 

Fig* 228 is an example of a circuit with matched drive* The transistor is 
driven by a generator having an ìmpedance R g of 1 kQ. Its -la — f(~In) 
and -Ib ~ /{-Vbe) characteristics are represented in Fig* 229* Let tis as¬ 
sume that, in thè absence of a signal, thè base-emitter voltage - Vbe = 
130 mV, corresponding to a base current -Ib ~ 20 pÀ. The transistor is 
ihus adju-sted to point A on thè -Ib = /{-Vbe) charactcristic, Through this 
point we draw thè input load line, so that thè tangent A corresponds to 
thè vaine of R g * This line determines point D on thè - Vbe axis and point 
G on thè -Ib axis, 

Wc can now look at thè Variations of driving voltage or driving current, 
produced by thè generator. Suppose that these voltage variations have an 
amplitude of 20 mV; this will meati that thè input load line moves so as 
to define points E and F on thè -Vqb axis, points D and C on thè ehar- 
acteristic, and points H and J on thè -Ib axis. The last-mentioned points 
correspond to thè amplitudes of thè generator current with short-circuited 
output* 

The projections of points À, B and C on thè -In axis determine thè corre- 
sponding variations of thè base current (A\ B' and CO; from these points 
it is possible to determine thè variations of thè eollector current (À" f B * 
and C") with thè aid of thè -le — /(-/b) characteristic. This graphical 
representation shows that thè variations of eollector current are alinost 
sinusoidale but this is true only for signals of small amplitude* 
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24.2. Large signals 

In this case too, we will start from thè Circuit of Fìg, 228, The - 1& =/(-Fìa) 
and -I c = /(-/b) characteristics of thè transistor are re-drawn in Fig. 230. 
Once again we assume that in thè steady state -Vbe ~ 130 mV. correspond- 
ing to a base current of -I B = 20 \iA . Poi ut A on thè characteristic again 
represents thè working point of thè transistor in thè absence of a signal. 
Once more we draw thè io ad line through point À, so that thè tangent of 
angic A corresponds to thè vaine of R g . This gives us point D on thè -Vbe 
axis and point G on thè -le axìs. 

Suppose that thè control voltage supplied by thè generator has a peak-to- 
peak value of 80 mV. This will incan that thè input load line moves so as 
to determine points E and F on thè - Vbe axis, points B and C on thè char¬ 
acteristic and points H and J on thè -Ib axis. The projections of points 
A, B and C onto thè -Ib axis give thè variations ofthe base current. (Points 
H, G and / again represent thè current variations of thè generator with 
short-circuitcd output). 

Jt will be seen that thè variations of thè collector current caused by thè 
variation of base current are far from sinusoidale Matched drive is thus 
accompanied by thè same disadvantages as voltage drive, i.c. serious dis- 
tortion occurs with large signals, This method of driving thereforc appears 
to be subjeet to thè same limitations as thè two other methods of driving; 
in every case where current drive or voltage drive as thè case may be cannot 
be employed, matched driving will be equally unsuitable. Consequently, 
thè latter can only be recommended for amplifying small signals, when 
thè distortion must remain slight. 
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CHAPTER 25 


Distortion and power amplifìcation 

In thè previous chapter we have discusseci thè difFercnt methods of driving 
a transistor and thè effect that these have on thè lincarity of thè gain* This 
gain is closely related to thè following two factors: 

The lo west possi ble distortion* 

The maximum gain* 

25*1* Minimum distortion 

Fig. 23 i shows thè distortion as a funcdon of thè generator impedance 
when thè transistor ts operated in a linear portìon of thè -le — /(-/#) 
characteristic (small output power transistor). The same relationship is 
represented in Fìg. 232, when thè transistor is operatmg in a curved portimi 
of thè -I c — characteristic (large output power transistor)* 

The great objection to voltage drive is that with signals of medium or 
iarge amplitude, high distortion occurs if thè transistor is operated in thè 
straight portion of thè -le — /(- Ir ) characteristic (range AB, Fìg. 231)* 
Consequently, operatìng conditions of this nature can only be recommended 
for thè amplifìcation of small signals* If thè transistor is operated in thè 
curved portion of thè -Io — /(-/#) characteristic, voltage drive can only be 
recommended for amplifying vcry large signals (range AB , Fig. 232). 
Current drive offers thè possibility of linear amplifìcation, independent of 
thè sìgnal amplitude, provided that thè portion of thè -le = /(-/b) char¬ 
acteristic which is employed is perfcctly straight (range CD, Fig. 231)* If 
this portion of thè characteristic is curved (large output power), serious 
distortion will occur (regìon CD, Fig, 232). On thè other hand, matched 
drive always leads to distortion with large signals, independent of thè shape 
of thè -le = /(-//*) characteristic of thè transistor (range BC , Figs* 231 
and 232). 
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Fig. 233 


- 240 - 


























25.2. Power amplificatici! 

The object of thè following paragraphs is to investigate thè effect of thè 
various methods of drivìng thè transistor on thè power gain of a transistor 
amplifìer. For amplifying small signals, each one of thè three methods of 
driving can be applied, so that it is useful to investigate which of these 
methods gives thè largest power gain. 

Voltage drive 

In thè Circuit of Fig. 233 transistor 1 and 2 are coupled by means of a 
transformer, which wc shall assume to bave a ttirns ratio of 70 : 1* We 
shall also assume that thc output ìmpedance h^ of transistor 1 has a value 
of 10 kfi. Transformed to thè secondary, this gives thè generator Ìmpedance 
of transistor 2 as: 

Z s - h Jn* = 10 x 10 3 /70 a ^ 2Q. 

As thè generator Ìmpedance of transistor 2 is very much lower than ìts 
input ìmpedance h j5 thè amplifier stage that we are considering is voltage 
driven, We will define thè “power gain' , of thè stage as thè quotient of thè 
available power across thè load resistance R l (of 1 kÌ2) of transistor 2, 
and thè maximum power which transistor I can supply. 

Power available at thè output 

The power available at thè output is cqual to thè product of thè load resist¬ 
ance Ri, and thè square of thè collector current r c 2 , that is: 

Pa2 = Rl ì* = 1000 i*. 

The value of ì c can be determmed as follows, Suppose that thè available 
voltage across thè primary of thc transformer i.e. thè input voltage of this 
stage, is equal to 

V, - V, = 0.1 V. 

so that thè secondary voltage v s is: 
v 5 = vJlQ = 1.4 mV. 

The current flowing through thè input circuii of transistor 2 is equal to 
thè quotient of thè voltage v* across thè input Ìmpedance of this transistor, 
and thè value of this Ìmpedance h f : 

4 = vjh, = 1.4 x 1O^ 3 /10 3 = 1.4 x 1(HA = 1.4 uà* 
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Let us assume that thè eurrent gain of transistor 2 is 50; thè collcctor 
eurrent is then: 

i c = 50 x 1.4 = 70 pA. 

The availablc output power of this amplifìer stage is thercforc: 

P 2 = r l ì* = io 3 , (70 x IO- 4 ) 2 =49 x IO- 7 5 pW, 

Maximum output power of transistor 1 

The maximum output power that transistor 1 can supply is obtained when 
thè load impedance Zl of this transistor is equal to its output impedance 
h 0 (scc Fig, 234a) s and in that case is: 

iWx - mK + Zl) = ÌE 2 jh 0 

whcre E is thè output voltage of thè unloaded transistor. 

Nqw in thè case under considcration, thè load impedance of thè transistor 
is equal to thè input impedance of transistor 2, transformed to thè primary: 

Z p ^ Z L ^ n 2 h i — 70 2 X IO 3 — 49 x 10»Q = 43 MQ. 

The output impedance h tì of thè transistor may be neglected in comparisco 
with this impedance, so we may assume that thè output voltage £ in thè 
unloaded conditici! is equa! lo thè value of 0,1 V assumcd for v p7 so that: 

Poi max = i E 2 jh Q = J.v */h, = JTO _2 /I0 4 - 0,25 X 10-* w = 0.25 (JtW. 

To prevent any ambiguity it should be pointed out that this power is ap- 
preciably greater than thè power which is actually delivercd to thè load, 
This is because the la Iter is equa! lo thè quotient of thè square of thè voltage 
aerosa the load impedance, and this impedance, which is 4,9 MI2 in the 
p re seni case (se e Fig, 234b) : 

P 0l — vf/Z L = 10- 2 /(49 X ÌQ 6 )^ 2 x 10"° W = 0,002 pW. 

Power gain 

The power gain, that is, the ratio of the power available at the output of 
transistor 2 to the maximum power that transìstor l can supply, is con- 
SCquently, 

G P = PJP Qim ax - 5/0,25 = 20, 
in thè case under considcration (with voltage drive). 
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Current drive 

In thè Circuit of Fig. 235, transistore 1 and 2 are coupled together by means 
of a transformer having a turns ratio of 1 : 3. The output impedance h 0 
of transistor 1 is again taken as equal to 10 ki2, so that thè output impedance 
of transistor 2, transformed to thè secondary, is : 

Z s ~ h Jn* - 10*/(l/3) a - 90 00013 = 90 kfl. 

In this case, therefore, thè gencrator impedance is much greater than thè 
input impedance of transistor 2, so that thè transistor is current driven. 
The power gain will now be calculated in thè sanie manncr as in thè pre- 
vious example. 

Power available at thè output 

In this case also, thè power available at thè output is 
Po2 = 3 L io 2 = 1000 i 2 

in which, however, i„ has a differcnt value. This dcpends on thè base current, 
which in its turn is determined by thè voltage across thè secondary of thè 
transformer and by thè input impedance of thè transistor. Suppose that 
thè primary voltage v„ — 10 mV, so that thè secondary voltage is 3 X 10 
= 30 mV. The current flowing through thè input circuit of transistor 2 
is then: 

4 = v s /h< = 3 x 10-710 3 = 3 X IO" 5 A = 30 uà. 

With a current gain of 50 thè collector current will equal: 

i e = 50 X 30 = 1500 nA = 15 X 10“ 4 A. 

The available power is thus: 

P o2 = R L i* = 10 3 ( 15 X I0~ 4 ) a = 2.25 mW. 
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Maximum power output of transistor 1 

In this case also, thè maximum power which transistor 1 can supply is given 

b y 

P oimax — è E^(h c . 

but E canno! equated to thè acccpted vaine of v p — 10 mY, because thè 
Ioad impedance Zl is not iarge in relation to thè output impedance h D 
of thè transistor, 

This is because thè output impedance is equal to: 

Z L =. n 2 h £ - ft)* X 10° = 11013. 

We can calculate thè vaine of E with thè aid of thè equivalent output 
Circuit of transistor 1, The current through this circuii is: 

i € = VzJZl = 10-2/110 = 9 X IO" 6 A = 90 pA. 

Now Zl can be neglected in relation to h„, so that thè voltage E Is given by : 

E = = 90 x 10^ e X IO 4 = 0,9 V, 

It follows that 

Po imax - lE*ìh 0 = £(0,9) 2 /10 4 = 2 X J0“* W = 20 U W, 

Power gain 

In this case (current drive) thè power gain is therefore: 

Gp - PJP olmax - 2250/20 = 102, 
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Matched drive 

We will now consider thè case when matched drive is applied (see Fig. 
237), The two transistore are now coupled by a transformer of which thè 
turns ratio n is chosen so that thè output impedance of transistor I, trans- 
formed to thè secondary, is equal to thè input impedance of transistor 2 
(thus h Jn 2 — h*), from which it follows that: 

n = Vhjh" = VI0*/10® = 3.16 

When transformed to thè primary, thè input impedance h* of transistor 2 
is of eourse also equal to thè input impedance of transistor 1. We will 
now recalculate thè power available at thè output, and thè maximum 
output power of transistor 1, in order to arri ve at thè value of thè power 
gain. 

Power available at thè output 

The power available at thè output is: 

Po* = Pl ì 2 = 1000 i*. 

The value of i c depends on thè base current, which in tum is determined 
by thè voitage across thè secondary of thè transformer, and by thè input 
impedance of transistor 2. Let us assume that in this case thè voitage v D 
across thè primary of thè transformer is 0,1 V so that thè voitage across 
thè secondary is: 

v, = vjn = 0,1/3,16 co 31,6 mV, 

This voitage means that thè current fìowing in thè input circuii of transistor 

2 is: 

i b = vjh, = 31,6 X 10" 3 /10 3 = 31,6 X 10“ fi A = 31,6 uà. 

If we again assume that thè gain of transistor 2 ìs equal to 50, it follows 
that thè collector current is: 

i c ^ 50 X 31.6 = 1580 UÀ. 

The power available at thè output is thus given by: 

Po 2 = RiJ 2 = IO 3 X (1580 X 1Q-*) 3 = 25 x IO" 4 W = 2500 uW. 


- 249 - 





Maximum output power of transìstor 1 

The maximum power which transistor I can supply can be calculated in 
Ibis case from thè expression: 

P diTiiajt — Jr£ 2 /h q 

since thè load impedance, that ìs, thè input impedance of transistor 2 ? 
when transformed to thè primary, is: 

Z h = 1000 x 3J6 2 = IO 000 Q 

which equals thè output impedance h fl of transistor 1 (see Fig. 238). Silice 
Z L and ìx 0 are botti 10 k.Q, E is now given by : 

^=2v^2x0d- 0.2 V. 

from which it follows that thè maximum power which transistor 1 can 
supply is: 

P oimax = ì X 0.2V10.000 = 10- fl W - I utw. 

Power gain 

The power gain in this case (matched drive) is therefore: 

G P = PJP 0t nmx = 2500/1 = 2500. 
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25.3* Summary 


Power gam 

The above calculations show that thè power gain depends very much on 
thè method of driving thè transistor. In Fig, 239 thè gain is pìotted as a 
function of thè generator impedance. Rcgion AB relates to low generator 
impedances in which thè transistor is therefore voltage driven. At very low 
values of thè generator impedance thè power gain is almost zero, but m- 
creases quickly as thè impedance increases. The region BC relates to thè 
condi tions obtaining when thè generator impedance ìs equa! or practically 
equal to thè impedance of thè transistor, so that matched drive is being 
applìed. The power gain reaches its maximum vaine in this region. The 
region CD relates to generator impedances which are greater than thè 
input impedance of thè transistor, so that thè transistor is cnrxent drivcn. 
In this region thè power gain decreases rapidly with increasing value of thè 
generator impedance. 

The above considerations are not aftected by thè shape of thè -la ~ /(-/b) 
characteristic. 


Distortion 

When we refer to distortion as a function of thè generator impedance we 
must distinguish between thè following two cases: 

Transistor driven by smali signals. 

Transistor driven by largc signals. 

As al ready explained, thè nonriinear distortion caused by thè curvature 
of thè characteristic can be neglected if thè input signal is of small amplitude. 
This is because only a very small portion of thè characteristic is used in 
this case, and this small portion can be regarded as practically straight. 

In this case thè distortion caused by thè transistor ampiifìer is practically 
Constant, and is only slight, whatever thè method of driving. 
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On thè other hand however, if thc transistor is driven by farge signals, 
thè distortion will in fact be detcrmined by thè forni of thè -le =/(-/b) 
characteristie, 

If thè operatìng conditions of thè transistor have been selected to supply 
a small output power, and thè strai ght porti on of thè characteristie is 
being utilised, thè curve showing thc distortion plotted against thè generato! 
iinpedance will be as in Fig. 240. The distortion will bc high with current 
drive, will decrease with matched drive, and will tcnd to a minimum value 
for current drive. 

If thè transistor is being driven by large signals and its working point has 
been chosen to supply largo output powers* so that thc curve d porti on 
of thè -l c = /(-In) characteristie is being utiliscd, thè curve of distortion 
plotted against thè generator impedance will be as shown in Fig. 241. In 
this case thè distortion increases with thè value of thè generator impedance, 
and has its minimum value for voltage drive. 

Selection of thè best compromise 

We will now investigate which method of driving offers thè best compro¬ 
mise in relation to power gain and distortion. As we have already seen, 
thè operation of an amplifìer stage is controlled by thc following important 
facto rs : 

The power gain of thc stage. 

The distortion arising in thè stage. 
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Àn amplifier is required to give thè greatest possible amplifìcation with 
thè smal lesi possible distortion. We must make a distinction bere between 
thè amplifieation of small and large signals, while in thè latter case we can 
make a further distinction between fairly large and very large signals. 
For amplifying small signals, thè largest amplification is obtained with 
matched transistor drive (Fig. 242). The distortion arisìng in tliis case is 
practically Constant and extremely small, independent of thè metiiod of 
drlving* This means that it is an advantage, for thè amplifìcation of small 
signals, to empfoy only matched drive (rcd shaded area). 

For amplifying fairly large signals, we must look for a compromise between 
maximum power gain and minimum distortion. Às in thè previous case, 
thè power gain is a maximum with matched drive (Fig. 242), but thè dis¬ 
tortion will be too large, although it decreascs if current drive is utilised 
(see Fìg, 243). This means that thè use of current drive is recommendcd 
for thè amplifieation of fairly large signals but, in order to prevent a drastic 
reduction in power gam, thè value of thè generator impedance must not 
be excessivcly high (black shaded area). 

For thè amplifieation of very large signals too, thè largest power gain is 
of course obtained with matched drive. In this case thè distortion is thè 
greatest for current drive, but is stili appreeiable with matched drive (see 
Fig. 244), For this reason, it is recommended that voltagc drive should 
be employed but, in order to keep a large power gain, thè generator im¬ 
pedance must not be too low (green shaded area). 
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CHAPTER 26 


Transistor bias voltages 

The object of applying a bìas voltage is to fìx thè working point of thè 
transistor in thè absence of ao input signal, Let us draw a load line in thè 
—le = /{-Vcb) characteristic of Fig. 245, so that this line euts thè abscissa 
at 10 Y (point A)\ thè slopc of thè load line is given by tan A — 1 /R L , 
We must now de termine thè point on this load line which will defi ne thè 
collector current in thè absence of ati input signal. 

In order to obtain thè greatest possible output signal wìth thè lowest possible 
distortion, thè swing of thè signal along thè load line must be as great as 
possible and must ha ve thè same amplitude on both sides of thè working 
point. The w orking point must consequently be chosen such that thè emittcr 
voltage Vce (in thè absence of thè input signal) is equa! to half thè supply 
voltage - Vcc, in this case therefore, such that (see Fig. 246): 

Vce = Vocl2 - 10/2 = 5 V. 

Fìg. 247 shows the equivalent Circuit of thè transistor. The voltage across 
thè load resistance Rl is equal to the diffcrence between thè supply voltage 
and the collector-emitter voltage: 

Vrl = Vcc — Vce = 10 —* 5 = 5 V. 

Since the current -le causes a voltage drop of 5 Y across thè load resist¬ 
ance of 1 ki2 we can calculate thè vaìue of this current: 

le = Vrl/Rl = 5/1000 - 5 x IO” 3 A = 5 mA. 

The projection of the point -Vce = 5 V (point B) determines point C 
on the characteristic and the projection of this point on the -Ir: axis deter¬ 
mines point w r hich of course corrcsponds to a collector current -le of 
5 mÀ t 
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Suppose that thè current gain of thè transistor is equal to 50. Neglectiog 
thc Icakage current -IceOì we can equate thè collcctor current to: 

-fa = h 

from which it follows that thè Constant base current of thè transistor is: 

Ib — faf^FE = 5/50 = 0.1 mÀ. 

Once thè Constant coìlector current -le is known, thè Constant base current 
can be read directly from thè -le = f(rfa) characteristic. (see Fig, 248), 
The projection of point D (-la ™ 5 mA) defines point E on thè characteristic 
and thc projection of this point on thè -Ib axìs determines point F, corre- 
sponding to 100 pÀ. 

Let us now examine thè -In = f(-Vmi) characteristic of thè transistor, 
(see Fig. 249). The projection of point F on this characteristic gives point 
eorresponding to point H on thè -Vbe axis, from which it follows that 
thè base-emitter voltage (in thè absence of an input si guai) is equa! to 
-Vbe = 195 mV, It is therefore possible to deduce thè bias voltage of thè 
transistor from thc base-emitter voltage -Vbe, but as thè examples show, 
it is a simpier matter to determine thè Constant base current -Ib if thè 
current gain of thè transistor is known. The graphicaJ method is certainly 
thè quickest, while thè calculation must assume that thè -le = 
characteristic is absolutely straight, This is bccause thè current gain ìife 
is of course thè factor giving thè rciationship between thè coìlector current 
and thc base current, and it must be accuratcly known, w f hich is not ahvays 
thè case. 
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26.1. Graphical determinatici! of thè working point of a 
transistor 

Fig. 250 shows all the norma! transistor characteristics, On thè -le — 
fi-Vcs ) eharatteristic we draw thè load line whose slope corresponds to 
a low resistance Rl of 1 ki?. Wc select a working point on this characteristic 
such that -Vce = 5 V, at whtch value thè transistor cari in fact supply 
the maximum power at thè minimum distortion. At point B we ereet thè 
perpendicular to cut tlie load line at C. The projection of this point deter- 
mines point D on thè -le axis, corrcsponding to a Constant collector current 
-le of 5 mA. The continuation of line CD interseets thè -le = /(-//?) char¬ 
acteristic at point E and the projection of this point on the -In axis deter¬ 
mi nes point F, corresponding to a Constant base current -In of 100 pA, 
The continuation of line EF interseets thè -In =/(”Fbz?) characteristic at 
point G, whose projection on the -Vjje axis is represented by point H m 
Tliis last point gives the base-emitter voltage of the transistor in the absencc 
of an input si guai. In this way we bave uscd thè group of characteristics 
to de temi ine the working point on thè -/ b = /{-Vbe) characteristic, and 
we bave now merely to draw the input load Line in this graph, in order to 
find out how it nioves as a function of variations in the input current. 
Consequently, thè bias voltage which is applied proves to be of thè grcatcst 
ìmportance for the proper operation of a transistor as amplifìer. Wc will 
now investigate how the Constant base current can be adjusted in practìce* 
We shall see that the bìas can be obtained in two ways: 

By means of a bias battery (-F##). 

By means of the collector supply voltage -Vcc* 
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26.2. The use of a bias battery 

When a separate bias battery is used, we obtain thè Circuit of Fig* 251. 
Assummg that thè collector supply voltage -Vcc is 10 V, thè collector- 
emitter voltage - Vce is 5 V, eorresponding to a collector currcnt -la of 
5 mA. The graphical derivation on thè prcvious page showed that a Constant 
collector currcnt of 5 mA meant that thè transistor in questi on had a Constant 
base current -Ir of 100 pÀ, 

Fig. 252 is thè equivalent circuit dlagram of thè input circuii of thè tran¬ 
sistor. This consists of a battery {-Vbb = 1*5 V) connected in serìes with 
thè bias resistor R P and thè input rcsistance of thè transistor. ìf we denote 
thè suiti of these resistanccs by R, we can use Ohm’s law to determine thè 
value of this resistance from thè current which has to flow through thè 
circuit (thè Constant base current): 

R - Vnnlh *= 1.5/1Q-* = 15 kfl, 

Since thè input impedance of thè transistor is of thè order of 1 kO this 
resistance can bc neglected compared with thè total resistance of thè circuii, 
so that R p can bc taken as 15 000 i2. This shows that thè bias rcsistance 
(thè base resistor) which must be connected in serìes with thè battery -Ver 
must bave a value of 15 kfi. 
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26.3. Bias voltage taken from thè supply battery 

The Circuit which has just been described requires an extra battery to supply 
thè bias voltage: it is simpier if thè battery which supplies thè collector is 
also used for thìs purpose, Suppose that thè supply voltage is -Vcc = 
10 V, that thè load resistance in thè collector circuit has a value of 1 ki2 
and tliat thè collector-emitter voltage in thè absence of a signal is 5 V, so 
that thè Constant collector current -le is equal to 5 mÀ. 

Às we found graphically for this type of transistor, a collector current of 
5 mA corresponds to a base current -l b of 100 pÀ, Fig* 254 shows thè 
equivalent circuit diagram of thè input circuit. This circuit consists of thè 
supply battery having a voltage -Vcc = 10 V 5 with two impedances in 
scries; thè bias resistor R v and thè input impedance h i of tlie transistor, 
The total resistance of thè circuit is equal to thè sum of these two resistances. 

R — R P -\- h 

The value of tlie resistance R can be deduced from thè voltage across thè 
terminals of thè circuit and thè current which must fiow through it 9 
(-& = 100 pÀ): 

R = Vedili = 10/10-* - 10* = 100 k_Q. 

The input impedance (of thè order of 1 ki3) can be aeglected in relation 
to 7?, so that thè bias resistor can be taken as having a resistance of 
100 kQ . The required bias is thus obtained by connecting a 100 kfì resistor 
between thè negative poi e of thè supply battery and thè base of thè tran¬ 
sistor. The value of this resistance is therefore detcrmined by thè Constant 
base current and by thè value of thè supply voltage. 
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CHAPTER 27 


Thermal stability 

The temperature of thè collector-base junction and of thè base-emitter 
junction must be prevented from exceeding a given vai uè, because thìs 
co nid damage thè transistor, With reference to thè coìiector-base junction, 
several precautions must be taken, Suppose that thè temperature of this 
junction is Tj . This depends on three factors, namely: 

The ambicnt temperature Tamb 
The collector dissipation Pq 

The thermal resistance K between thè junction and its surroundings. 

The relationship between Tj and these three factors is given by thè expres- 
sion: 

Tj = T’aiuti + KPc* 

27.1, Àmbient temperature 

By ambiem temperature \ve understand thè temperature of thè medium in 
which thè transistor is situated, The temperature of thè collector junction 
incrcases with thè ambierà temperature, so that this factor is of thè greatcst 
importano; in considering thè operation of transistor, 

27.2, Collector dissipation 

The power dissipated in thè collector is given by thè produci of thè collector- 
emitter voltage and thè collector current: 

Pc = VceIc- 

Now thè collector current is equa! to thè produet of thè base current and 
thè current amplification faeton plus thè leakage current -Igeo (see Fig, 
255); 

le — hpglB + Igeo* 

The leakage current increases sharply with incrcasing temperature, so that 
an increase in thè ambicnt temperature is accompanicd by an increase in 
thè collector current. 
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27.3. Thermal resistance 

We can compare thè effect of tliermal resistance with that of electrical 
resistance. To do this, wc will commence with thè circuit of Fig. 256, in 
which thè capacitor C can be cormcctcd either to thè terminala of a battery 
(of output voltage V) or across the resistor /?. If switch 1 is closed and switch 
2 is open (printed black) T the capacitor quickly hecomes charged by the 
battery, since the battery resistance is negligible, If switch I is now opened 
and switch 2 closed (printed red) thè capacitor wiil discharge via resistor 
R. The !ower thè resistance of this resistor, the more rapidly will thè cnergy 
stored in thè capacitor flow away. If R equals 0, the capacitor will dis¬ 
charge immediately. 

We can now regard the actual transistor material as a thermal “capacitor”. 
The temperature reached by this material can bc regarded as the voltage 
to which the capacitor of Fig. 256 becomes charged, while its thermal 
capacitauce can be compared to the capacitante of the capacitor. The energy 
stored in the transistor material flows out towards its snrroundings in 
the forni of a thermal current, at a rate which depends on thè thermal 
resistance itencounters. just as the energy stored in the capacitor flows away 
intheform of electric current via the resistor R, at a rate which is deter- 
mined by the resistance of this resistor. 

Transistor for larger powers are fìtted with cooling fins which reduce the 
thermal resistance, so that the power developed in these transistors can 
easily be transfer red to the surroundings. This state of affair s is shown in 
Fig, 257, in which the maximum permissible dissipati on Pc of an OC72 
transistor is plotted against the ambient temperature ìt will bc sccn 

that at an ambient temperature of 25° C the collector may dissipate a 
maximum power of 125 mW if the transistor is noi fìtted with a cooling 
fin (printed black). When a cooling fin is fìtted (red line), the transistor 
can dissipate a power of 165 mW at thè same ambient temperature. 
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We will now examine thè junction temperature as a function of thè power 
dissipateci in thè collector. To this end we plot thè temperature Tj as a 
funetion of thè collector dissipation Pc (Fig. 258). Suppose that thè tran¬ 
sistor is working at a gìven instant with a collector dissipation of 20 mW 
and that Tj = 35° C (point yt). 

Tf thè ambient temperature increases, this will result in an increase of Tj 
(= Famu + KPc)* Point A on thè characteristic moves paralisi to thè 
abscissa, thè extcnt of this movement being determined by thè increase in 
Tj. Suppose that Tj L = 40° C. The difference between thè junction tem¬ 
perature at point B and that at point A is termcd the temperature increase 
ATj lt so that in this case: 

ATj\ - 40 — 35 -5 deg, C 

This increase in temperature results in an increase in the leakage current 
-IceO‘ (As explained earlier, this currcnt is caused by the breakage of 
bonds between germanium atoms, and wc bave seen that the number of 
broken bonds increases with the temperature). As a result of the increase 
in the leakage currcnt -Igeo thè collector currcnt le = hj^/a + J CEO , 
and with it the collector dissipation, will also increase. This increase ÀP C i 
will show itseff in a movement of the working point from B to C, and the 
increase in the dissipated power results in a further increase of Tj. 
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Let us indicate this temperature increase by ATj 2 . This latest increase in 
temperature means that thè working point moves from C to D (see Fig. 
259), and this in its turn means that thè leakage current -Jceo increases 
stili further, so that thè power dissipated in thè collector increases once 
more. This further increase APc% means that thè working point moves 
again from D to E, and that there will be a further increase ATj z in thè 
temperature of thè base-collector junction (point F ). In its turn this will 
lead to yet another increase in thè power dissipated in thè collector APcs 
(point G). This cumulative cffect proceeds until equilibrium is established, 

We represent thè relationship betw r ecn the increase in thè collector dissi¬ 
pa tion and the increase of the junction temperature which is the cause of 
this, by: 

A = APclATj . 

Now A decreases in proportion as the temperature increases. Equilibrium 
is atfaìned when the produci KX becomes less than 1. (Where K represcnls 
thè thermal resistanoci. 

It is true that equilibrium will always be reached, but this may occur al a 
temperature which is higher than the maximum permissiblc va lue for the 
junction temperature. For germanium transistor equilibrium must always 
be reached at a temperature of not more than 75° C. The smallar the produci 
KX , thè sooner will the equilibrium condi tion be reached, so that iow values 
of K and of A are desirable. 
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27*4. Low thermal resistance 

A reduction in thè thermal resistance betwcen thè base-collector junction 
and thè ambicnt surroundings can be recommended for two reasons: 
Reduction of thè produci KX , 

Increase of thè màximum power which may be dlssipated in thè 
colleetor. 

Reduction of thè product KX 

In ordcr to prevent damaging a transistor, its working point as represcnted 
in Fig. 260 must never enter thè region in which Tj is higher than thè maxi¬ 
mum permìssible temperature (75" C, for exampie, for a germamum tran¬ 
sistor), or thè region in which thè colleetor dìssipation exceeds thè pre- 
scribed maximum vaine. This means that equi libri um must bc attained in 
thè unshaded arca of thè ligure. Tt is obvious that this condition will be 
reached more quickly if a rise in temperature resulting from an increase 
in thè colleetor dissipation is limited by very rapid removai of thè heat 
energy via a low thermal resistance* (See thè electrical analogy ori page 
270). 

increase of thè maximum colleetor dissipation 

Wecan deduce thè vaine of Pc m ax. from thè cquation Tj = 7Vmt> + KPc* 
From 

7y*max = Famb + KP cmax 

it follows that: 

P Cmax — ( 27 max —“ Tambì/K* 

This shows that a decrease in thè thermal resistance K is accompanied by 
an increase in thè maximum permissible colleetor dissipation, or in other 
words, a reduction in thè thermal resistance means that thè colleetor current 
may be mcreased, so that thè transistor can delìver a greater output power. 
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27.5* Low vaine of A 

Looking at thè Pc — f(Tj ) characteristìc of Fig. 26 la, let us stari from thè 
working point corresponding to a collector dissipation of 20 mW at Tj = 
35° C. (Point A) Àn increase of 5 deg C in thè ambient temperature means 
that Tj increases by thè same amount, so that thè working point shifts 
from A to B . 

ATj 1 represcnts thè resulting increase in Tj\ The direct resuit of this tempera¬ 
ture incrcase is an ìncrease in thè collector current, and therefore in thè 
collector dissipation Pc* This means that thè working point shifts from B 
to C y corresponding to an incrcase of /tFci =10 mW in thè collector dis¬ 
sipation. The resuit of this is that Tj increases further 5 by ATj % — A deg G, 
This incrcase in Tj corresponds to an incrcase in Pc of APc% = 8 mW, 

Fig, 261 b also shows an increase of 5 deg C in thè ambient temperature 
corresponding to an increase ATj } — 5 deg C, whereby thè working point 
moves from À to B. Às A is smaller than in thè previous case, this tempera¬ 
ture rise will cause a smaller incrcase in thè collector current, and thus 
in the collector dissipation Pc* 

Ta the case under consideration APci is only 5 mW (instead of 10 mW). 
The resuit is that the working point moves from B to C, but sincc APci 
is only half of APa in thè previ ous case, ATj 2 will also be nitidi less, for 
example 3 deg C. The increase in collector current due to ATj 2 and the 
resulting ìncrease in collector dissipation APc% are also less at the lower 
value of A, For example APc% — 2 mW, 

In these examples the produci ÌCA<1> so that in both cases we have a 
convergetti series, and a stable condì tion is reached either outside the per- 
missiblc area (Fig. 261a) or withìn this area (Fig, 261b). However, if j£3l>l, 
thè successive steps will always incrcase in size, giving a divergent series 
which leads to the certain dcstruction of the transistor. 
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In thc above, we bave assumed that thè increase in Pc is due solely to 
thè increase in thc leakage current - Iceo , but in actual faci this lcakage 
currcnt is very depende ut on thè value of thè gene rato r impedance. 

27.6. The relatiooship between thè leakage current and thè 
generator impedance 

By dcfmition, thc lcakage current -Iceo is noi a useful characteristic of thè 
transistor, since therc is no practical use whatever in thè possibility of 
using thc transistor in common emitter with a floating base. In practìce, 
thè leakage current is undcrstood to be thc current flowing in tlie coll ceto r 
circuit of thè transistor when thè base is connected to thè emitter via an 
impedance, i.e. thè generator impedance R r This current is plotted as a 
function of R y in Fig. 2ó2a s in which figure we can distinguish two regions, 
depending on thè value of R g , 

High generator impedance 

With a high value of thè generator impedance we obtain thè case illustrated 
in Fig. 262b. The free electron® arising as a result of thè breakage of bonds 
between germanium atoms in thè collector diffuse to thc base. These elec¬ 
tron® can now follow one of two paths: 

They can cross thè base-emitter junction under thè infiuence of thè 
cxtemal electrie field Ec, 

They can fìow through thc generator impedance R a . 

If thc generator impedance has a high value, most of thè electrons will 
cross thè base-emitter junction, As we showed in our consideratimi of thè 
physical basis of thè operati on of transistors, a smail fìow of electrons 
between base and emitter will cause a much greater diffusion of holes 
from thè emitter via thè base to thc collector,* Tt will thus be clear that 
thc leakage currcnt can become very considerale (much larger than thè 
reverse current in thè coliector-base junction). 


* Under these conditions thè base-emitter junction becomcs slightly biased in thè for- 
ward direction. 
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Lgw generato t impedance 

Fig, 262c represents thè situatimi when thè generator impedance is very 
low (1 Ì2), It is now easier for thè electrons proceeding from thè collector 
to flow tlirough thè impedance R tJ than through thè base-emitter junction. 
The exchange of electrons and holes between thè base and thè emitter is 
thus on a much smaller scale than in thè previous case; as a result, thè 
leakage current decreases considerably, and approaches thè vaine of thè 
reverse current of thè collector-base junction, In practice, thè leakage 
current for R p = 0 will differ very little from -Icbo* 

We see from thè curve of Fig, 2ó2a that while thè leakage current is con- 
siderable if thè generator impedance or series resistane^ has a high vaine, 
this current and any variations of it may be neglected entirely with a low 
generator impedance, As a first approxiination, onc can say that by sta- 
bilisation of thè base-emittcr voltage of thè transistor or thè application 
of a Constant direct voltage (small bias resistor) it should be possible to 
use thè transistor without any danger of its temperature increasing. Under 
these conditions however, another effect occurs which must be ascribed to 
thè thermal behaviour. 

27,7* Effects connected with variations of thè input char- 
acteristic resulting from increased temperatures 

The base-emitter junction of a transistor which is connected in thè forward 
direction can be represented as a diode, connected in thè sanie direction, 
An increase in temperature causes thè characteristic to shlft in thè direction 
of thè - Ib axis, which means that thè base current increases slightly at a 
given base-emitter voltage. This is illustrated for a diode in Fig, 2ó3a and 
for a transistor in Fig, 263b. 


Since thè leakage current and thè effects it produces are reduced when thè 
transistor is operating at Constant voltage, wc will assume that thè bias 
in thè circuit under consideration is supplied by a battery, so that thè re¬ 
si stance of this circuit may be taken as 2 ero (black input load line in Fig, 
264), A rise in temperature will mean that thè working point shifts from 
A to B , and from B to C, The projections of these three points (À\ £* 
and C') determine thè Constant base current at thè different temperatures; 
thè variation of this current is not inconsiderable. 
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Since thè collector current is equal to ììffJb plus thè leakage current, 
operatìon of thè transistor with a Constant voltage will, it is trae, grcatly 
reduce thè effeets of thè leakage current, but will cause a rtot inconsiderable 
increasc in thè base current, and eonscquently a very substantial increase 
in thè collector current. 

If we connect a high resistance in serics with thè bias battery, thè input 
load line will rotate on thè working point (printcd green in Fig. 264). We 
see that thè changes in base current may thcn be ncglected, but that those 
of thè leakage current increase sharply. 

Summarizing, therefore, we may say that a low series resistance will cause 
ììfeIb to huctuate considerably with a negligible leakage current, while 
for a high serics resistance thè variations of h F shì wi 11 always be slight, 
but those of thè leakage current will bc appreciable. We must thus look 
for a compromise between these two extreme cases, since both bave an 
unfavourable effect on thè thermal behaviour of thè transistor. In faci we 
must add to these effeets that of thè increase in thè current gain of thè 
transistor with increasing temperature. Under certain conditions this can 
bccome so large that it must be taken into account in desìgning a circuii. 

Such a compromise is represented by thè red input load line in Fig. 264. 
The transistor bias is obtained by ineans of a voltage divider in whieh thè 
resistance vahies are so chosen as to givc neither Constant voltage operatìon 
(redueed effect of variations of thè forward characteristic of thè input diade), 
nor Constant current operatìon (smaller leakage current), Àlthough such 
stabilization is not pcrfect, it is often adequate. Becausc of its simplicity 
and chcapness. this circuii is often found in inexpensive circuits. 

In thè following pages we will discuss various circuits w'hich givo more 
cffective stabilization of thè transistor. For thè sake of simplicity, thè oper¬ 
atìon of these circuits will bc explained with thè aid of Ohm’s law. Both thè 
above forais of stabilization will be recognized in this discussion. 

E very increasc in -Io must bc regarded as thè result either of an increase of 
thè leakage current at a high value of thè generator ìmpedance, or as an 
increase in -In at a low value of this impedance. it is logica] to stabilisce 
die voltage first (- Vbe — Constant) in order to limit thè leakage current, 
by using a voltage divìder for feeding thè base, and then to stabìlize the 
current (coni pensa ti on of variations in - 1 for example, by connccdng a 
resistor in series with the emittcr), We will now considcr the effect of tem¬ 
perature changes under various conditions. 
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Load formed by thè primary of a ttansformet 

Io thè Circuit of Fig. 265a thè transistor is loaded by a transformer whose 
primary impedance equafs Z^; thè resistance Rz can bc neglected. Fig. 
265b represcnts thè equivalent output Circuit of this transistor, The colìector- 
emitter voltage -Ve e is equal to thè supply voltage, since thè voltage drop 
across thè primary of thè transformer is negligible for direct current. An 
increase in thè ambient temperature causes thè colìector current -le to 
increase. Since thè collector-emittcr voltage -Vce = -Vca remains Constant, 
thè colìector dissipation Pc will also increase. 

Consequently if tlie transistor is loaded by an inductance associated witb 
a negligible resistance, there is no stabilÌ2ation at all against variations of 
temperature* 

Resistive load 

Fig, 266a represents a transistor loaded by a resistance of value Re- The 
equivalent output Circuit is given in Fig, 266b. In this case, thè collcctor- 
emitter voltage is: 

-Ve e — -Vac — 

If thè ambient temperature increases, thè colìector current le will in- 
ercasc, a$ a rcsult of which thè coìlector-emitter voltage decrcases. This 
means that an increase in l c is associated with a reduction in Ve e- The 
colìector dissipation, 

Pc — VceIc 

will thus change ìess than in thè previous case for thè same temperature 
increase, 

Fig. 267 sho ws thè colìector dissi pation plotted as a function of thè colice¬ 
lo r current 
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Load consisting of a resistance equal to thè output impedance of 
thè transistor 

Fig. 268 represents thè special case in which thè load impedance has thè 
same vaine as thè output impedance of thè transistor, The collector current 
-le is given by thè quotient of thè supply voltage -Vac and thè total re- 
sistance of thè circuir: 

-le — -Vcc/Q^o + = -VccI2Rl. 

If thè collector current is adjusted to this vaine, thè Circuit will always be 
stabilized against temperature variadons* Of course, this method can only 
be applied if thè load consìsts of a resistane^, No account has been taken 
here of any spread between thè collector currents of different transistors. 

27.8. Stabilization of thè working point of a transistor 

The slope of thè load line in thè -le = firmerò characteristic of Fig, 269 
is given by tan A — Ì/El- The working point is chosen so as to give minimum 
distortion for maximum output power. With an inerease in thè temperature 
Tj , thè collector dissipation and therefore thè feakage current will inerease, 
and there will be a danger of thè working point shifting. Consequently, 
thè larger thè signal, thè earlier will serious distortion occur. 


- 289 - 




Striali signal amplifìer 

The load line shown in thè -le — £{-Vce) characteristic of Fig. 270 is for 
Rl — 10 k Q. The working pomi is selected so that thè collcctor-emitter 
voltage is equal to half the supply voltage - Vcc, so that -Vce = 5 V in 
Ibis case. The corresponding collector current -le is given by the projeciion 
of the working point on the -la axls, (point C), and is equal to 0.5 mÀ. 

We will assume that the transistor is operating with small sìgnals, that is, 
the variations of collector current which are caused by variations in thè 
base current, bave a very small amplitude. (For example, a peak-to-peak 
value of 40 mA for / c ). In this case a very large increase in the current -la 
will be necessary to cause a eh auge in thè variations of the collector current 
or a movement of the working point. 

It is thus extremely unlikely that the proper operation of a small signal 
transistor will be disturbed (red characteristic in Fig, 270). In most cases, 
it will even be possible to use the transistor with a Constant collector current 
lower than the leakagc current -Iceo* 
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Large-signal ampHfier 

The load line marked in thè -le = /(-Vce) characteristic of Fig. 271 is 
for /?£ = 1 k Q. The working point is again chosen so as to be at thè cent re 
of thè possible range of collector-current and coliector-voltage varìations. 
In thè figure, thè dìsplacement of thè working point towards incrcasing 
currcnt (or decreasing voltage) is limited by thè knee voltage -Vcek* and 
on the decreasing current side by thè leakagc current -Iceq- If thè working 
point selected is dose to the -la axis under normal conditìons (point E), 
an increase in temperature will be aecompanied by distorti on, as illustrated 
in Fig, 271. Consequently, when a transistor is employcd for large-signal 
amplification, the working point must be so chosen that the correspondìng 
collector current is considerably lower than the ìimiting valile -la i, or in 
other words, so that an increase in the leakage current, sudi as may be 
caused by a temperature increase, does not give rise to the d anger of dìs- 
tortìon occurring (point D on the characteristic). 

27.9. Stabilization by means of a resistor between collector 
and base 

Amongst the various possible ways of stabilizing a transistor against thè 
influence of temperature variations, the simplest solution is to connect a 
resistor between the collector and the base of the transistor. 

Resistive load 

Fig, 272 shows a resistor connected between the collector and base, and 
the transistor also loaded by means of a resistor. The equivalent output 
Circuit is given in Fig. 273. The collector-emittcr voltage is equal to the 
supply voltage mlnus the voltage drop across thè load resistor Rl, due to 
the passage of the collector current -7c. (The base current ~Ib may be 
neglected in comparison with the collector current -/c), Therefore; 


-Vce — -Vce —- 
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The equivalsili base-emitter circuii is giveu in Fig. 274. The base-emitter 
voltage is equal to thè differente between thè collector-emitter voltage and 
thè voltage drop across thè resistor Rb caused by thè base current -/jj: 

-Vbe — — Vce — (-RbÌb)* 

For a given temperature we can determine thè collector-emitter voltage, 
thè collector current thè base-emitter voltage and thè base current, thè 
last of which is dependent on thè base-emitter voltage and thus also on thc 
collector-emitter voltage. An increase in temperature wiU cause thè collector 
current to increase, and this means that thè collector-emitter voltage will 
dccrease, since -Vcc remains unchanged. 

If -Ve e and therefore - Vqb decreases, -RbJb and therefore -Ib will also 
dccrease. We can select thè vaine of Rb such that thè change in -RbIb is 
sin all in comparison with -Vce- An increase in temperature is then ac- 
companied by a slight dccrease in thè base current, and since this is multi- 
plied by thè gainhp^ of thè transistor, thè decrcase of -h FE f B will bc sufficìent 
to cancel out thè increase in —Ic> 
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Load consisting of a ttansformer 

In thè Circuit of Fig, 275 thè transistor is Ioaded by a transformer whose 
primary impedance is Zz,. Since thè resistance of thè primary of this trans- 
former may be neglected, thè collector-emìtter voltage -Vce is taken as 
equal to thè supply voltage - Vcc• 

Fig, 276 represents thè equi vai ent input Circuit of thè transistor. This 
consists of a direct voltage source {-Vcc — -VcÉ) in series with which is 
connected thè input impedance of thè transistor, and thè stabilizing resistor 
Re* The base-emitter voltage is equal to thè supply voltage minus thè 
voltage drop produced by thè base current - Ib across thè resistor Re: 

-Ve e “ -Vcc — (-RbIb)* 

When thè temperature rises thè collector current will increase but thè base- 
emitter voltage and thus thè base current remaln unchanged. This is because 
-Vcc remains unchanged, and therefore - RbIb as well, Consequently thè 
rìse in collector current is not opposed in any way. 
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The collector dissipation is given by thè cquation: 

P c = Vce^c 

in which I c increases with thè temperature, while Vce — Vcc remains 
Constant, so that Pc also increases with temperature. Consequently thè 
connection of a resistor between thè collector and base of a transistor with 
transformer load does not produce any ìmprovement whatever in the thcrmal 
stability of the transistor. 

it is thus desirable to bave a Circuit by means of whieh the transistor can 
be stabilized under all conditions. Such a circuii, in which a resistor is 
connected in thè emitter cireuit, is descrìbed below. However, a resistor 
connected between the collector and base of a transistor can be use fui for 
stabilization against temperature variations in those cases in which thè 
load consista of the coi! of a loudspeaker, the resistance of which does not 
differ much from ìts impedance, 

27.10. Stabilization by a resistor connected in series with the 
emitter 

A resistor in series with the emitter can ensure good stabilization against 
temperature variations for both resistive and inductive loads. 

Resistive load 

In the Circuit of Fig. 277 the transistor is loadcd by a resistor R jr,. Let us 
suppose that the supply voltage of thè collector-emitter circuìt is -Vcc, 
and that the base-emitter bias is provided by a battery of voltage - Vbb* 
Fig. 278 shows the equivalcnt output Circuit. Thls contains a direct voltage 
source in series with which are connected thè load resistor Rl, thè output 
resistance of the transistor, and the emitter resistor Re* Through this 
circuit fiows thè collector current io • 
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Fig. 276 
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The equivalent input circuii is represented in Fig. 279, This consìsts of a 
direct voltage source - Vbb 3 in series with which are eonnected thè input 
resistance of thè transistor and thè emitter resistor Re* Through this 
circuit flows thè base current -Ir, If we combine thè equivalent input and 
output circuits (Fig. 280), we see that both cireuits bave thè resistor Re 
in common, so that both thè collector and base currcnts flow through this 
resistor. 

The base-emitter voltage, Le. thè voltage acro ss thè input impedance, is 
equal to thè bias voltage -Vbb minus thè voltage drop aerosa thè resistor 
Re (see Fig. 281), This voltage drop is given by thè value of Re multiplìed 
by thè current flowing thiough thè resistor, that is, by thè emitter current 
of thè transistor: 

This current is: 

-1e — -le “/a» 

so that thè voltagc drop across this resistor equals: 

-Vr e ~ Re * (-/c -/e)- 

Now ~1b may be neglected in comparison with -le and thè voltage drop 
across Re may be cquated to Re /c- Consequently, thè base-emrtter voltage 
is: 

-Vbe = -Vbb + RfJc « 

if thè temperature increases, thè collector current will also increase, This 
means that thè second terra in thè a bove equation will aiso increase, and 
since -Vbb remains Constant, -Vbe will decrease. The base current -Ib 
decreases as a result of this reduction in - Vre . 
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The collcctor current -le *s given by: 

-la = -( h feJb + Igeo)* 

The decrease of h feIb opposes thè increase in-/c so that thè change in thè 
coUector dissipation resetting frora temperature variatiom will decrease, 
Tliìs means that thè transistor is stabilized against temperature variations. 

Inductive load 

Fig, 282 represents thè case when thè load is forraed by a self inductance 
Z^, thè primary of a transformer, ihe resìstance of which may be neglected, 
The equivalent input and output circuit is shown in Fig, 283, The base- 
emitter voltage is again equal to thè bìas voltage -Vbb mìnus thè voltage- 
drop across thè emitter resistor Re* In this case alsc, this voltage drop is 
determined by thè vaine of Re and of thè emitter current -Ie> which equals 
thè sum of thè collcctor current -le and thè base current -Ib> Since -/# 
may be neglected in comparison with -le thè voltage-drop across thè emitter 
resistor is thus: 

-Vr e = -ReIc 

whilc thè base-emittcr voltage is equal to: 

-Vbe = -Ver + Vr e — -Vbb + ReIc* 

Mere too, a temperature rise will cause thè collector current to increase, 
with the resuit that R E Ic will also increase, and since -Vbb remains Constant, 
-Vbe will decrease, The resuit of this is that the base current -In also de- 
creases. 
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Consequently, thè colleetor current -le will remain practically Constant, 
since the decrease in -h feIb opposes thè ìncrease in -le. The colleetor 
dissipation Pc — VcbIc thus varies only little with the temperature. Às in 
the previous case, the transistor is stabilizcd against temperature variations. 

This circuit is based on the principle of negative dx, feedback but this 
feedback also acts on the ax. signal which is to be amplified. If sudi a signal 
is conveyed to thè input of thè amplifier, a voltage v 0 = will anse 
across the emitter resistor. This voltage is in phase with the input voltage, 
giving rise to a negative feedback which reduces thè amplifìcation of the 
circuit. In order to oppose this effect, thè emitter resistor is shunted by 
means of a capacitor C (see Figs. 284a and b). The object of tiiis capacitor 
i$ to keep the voltage across the emitter resistor Constant, i.e. to nullify 
the ax. feedback. 

We must poìnt out that this method of stabilization will only Work efFec- 
tivdy if the bias voltage ~Vbb is Constant. It is easy to satisfy this condition 
by drawing the bias voltage from a battery, but there are numerous object- 
ions against doing this, so that it would be desirable to obtain the same 
result by taking the bias voltage from the supply battery -Vqc* We shall 
show that this is indecd possible, by connecting thè base to a voltage divider, 
in combination with a series resistor in the emitter lead. 
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27.11. Base connected to a voltage divider, combined with 
thè use of an emitter resistor 

In thè Circuit of Fig. 285, thè requi red base bias is obtained by means of a 
voltage divider, while stabilìzation against variations of temperature is 
achìeved by thè inelusion of an emitter resistor. The transistor is ìoaded 
by means of a resistance or inductance. The equivalent input Circuit is 
shown in Fig. 286. The resistor R x is connected in series with resistor R 2 
across a direct voltage source -Vcc* while thè input resistance R t is con¬ 
nected in series with thè emitter resistor Re, which is in parsile! with re¬ 
sistor R 2 . The voltage Vr 2 across thè terminate of resistor is equa! to 
thè bias voltage -V BB . 

The equivalent circuit diagram shows that thè current through R t is equal 
to thè sum of thè potential divider current I p and thè base current I B . The 
potential divides current l p fìows through resistor thè base current I B 
fìows through thè input resistance R ir and thè current fìowing through thè 
emitter resistor Re is equal to thè sum of thè collector current le and thè 
base current I B which may be negleeted here. Fig* 287 shows thè equivalent 
circuit diagram of thè bias and stabilization drcuits of thè transìstor* 
The bias voltage -V BB is given by thè voltage drop across thè resistor R z \ 

-V m = -Vbb = -Vcc + + *)■ 

This bias voltage must be Constant; it is equal to thè supply voltage minus 
thè voltage drop across resistor R it through which flow both and Ì B . 
Now -Vcc Constant, while R^I# + I B ) will also be practìcally Constant 
provided that I p is very much greater than I B . In this case, I B may be negleeted 
m comparison with l pì and thè bias voltage will be equal to : 

-Vbb — -Vcc + 
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The base-eraitter voltage is glven by: 

-Vbe = -Vbb + Re Oc + Ib) 

since, as shown in Fig. 288, both thè collector current and thè base current 
flow through thè emìtter resistor, Às we can neglect Ib in relation to le 
we may write thè base-emitter voltage as: 

-Vbe = -Vbb + ReIc ~ -Vr% + ReJc- 

Since it was assnmed that thè ballast current I p is much larger than thè 
base current, Vr^ may be taken as Constant, Now an increase in thè ambient 
temperature will mean that thè collector current 

-le — -h ffJb — Igeo 

will increase, The result of this increase is that thè second term in thè 
equation far -Vbe will also increase, so that this voltage decreases. 

A decrease in -Vbe means that thè base current -I B will also decrease, 
so that thè increase in -le is compensated by thè decrease in -h feIq* In 
this way, thè collector current -la and also thè collector dissipation Pc 
will remain practicaìly constante 
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As we have already mentioned, care must be taken to see that thè bias 
voltage, Le. thè voltage drop across thè resistor between thè base of thè 
transistor and thè positive pole of thè battery, remains Constant under all 
conditions. To achieve this, thè ballast currcnt through thè voltagc divider 
should be mudi greater than thè base current. In theory, with a base current 
of 100 uA, thè current flowing through thè voltage divider could bc 1000 
times as large i.e. a current of 100 mA, Now one of thè most important 
advantages of transistor amplifìers is their low power consumption, and 
if each transistor w^ere to requìre a voltage divìder with such a large current 
flowing through it, this advantage would be completeìy canee!led out. In 
practicc therefore, one bas to accept a mudi lower current, usually from live 
to ten times thè size of thè base current, This method of stabilìzation is 
extremely satisfactory, independent of whether thè transistor ioad is resistive 
or inductìve. À closer examination of thè output Circuit of thè transistor 
(Fig, 290), shows that thè supply voltage is dividcd into three portions. : 

The voltage across thè load impedance R L in thè collector Circuit. 
The voltage across thè output resistance ho of thè transistor, (col¬ 
lector-emitter voltage -Veri). 

The voltage across thè emitter resistor Re. 

The collector current in a transistor in a pre-amplifier stage will be of thè 
order of a few mA so that thè resulling voltage drop across resistor 
will be very ìow. In this case it is possìble to use fairly high resistances, 
of thè order of a few himdred ohms. 
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The maximum output of thè transistor dcpends on thè rjn.s. values of thè 
coilector eurrent and thè collector-emìtter voltage: 

Po - (àVcxfVQ (W). 

In thè characteristic of Fig* 291 thè peak-to-peak value of thè coilector- 
emittcr voltage, in thè absenee of a series resistor in thè emitter Circuit 
(Fig. 292), is equal to thè supply voltage - Vcc (minus thè knee voltage 
—VcEKt which wc can neglect in this case)* 

The peak-to-peak value of thè collector-emittcr voltage is tlius practically 
equal to thè supply voltage: 

làVcE = -Voc¬ 
ìi a resistor (Fig, 294) is now connected in serìcs with thè emitter, thè family 
of charaeteristics in Fig. 293 shows that thè peak-to-peak value of thè 
collector-emitter voltage is equal to thè supply voltage -Vcc minus thè 
voltage drop across thè emitter resistor; 

IÓVce — -Vcc — ReIc- 

The resistor included in thè emitter Circuit is thns found to reduce thè 
peak-to-peak value of thè collector-emitter voltage, or in other words thè 
amplitude of thè displacement of thè working point along thè load line 
decreases, and with it thè maximum output power of thè transistor* 

For thè amplification of higher power, however, it will usually be desirable 
for thè transistor to deli ver maximum output, so that in this case it is 
desirable to have another method of stabiiization available or to select a 
higher battery voltage, A frequently-used method of stabiiization is based 
on thè characteristic of a thermistor, thè resistance of which decreases as 
thè temperature increases. 
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27.12. Voltage divider with thermistor 

Fig* 295 shows a circuii in which thè bias voltage is derivcd from a voltage- 
divider consisting of a linear resistance Rj in serica with a thermistor Rtà- 
In thls circuit thè emitter is connected directly to thè positive pole of thè 
battery, 

Fig* 296 shows thè equivalent Circuit diagram of thè input Circuit* Through 
thè resistor R± flows thè potential divider current I p and thè base current 
In* Through thè thermistor flows thè potential divider current, and through 
thè input resistance of thè transistor flows thè transistor base current* The 
base-emitter voltage. Le* the voltage across thè input resistance of thè 
transistor, is equal to the voltage drop across the thermistor: 

~V Rih = -Vbb - -Vcc + Rj (4 + Ib). 

If thè potential divider current is mudi greater than the base current the 
latter may he neglected, so that thè base-emitter voltage is then: 

-Vbe = -Vco + RJp — Rv* r4* 

If the ambient temperature rises, the current -la will increase* Since the 
resistance of the thermistor decreases as thè temperature increases, a rìse 
in temperature will mean that the voltage drop across the thermistor, that 
is, the base-emitter voltage of thè transistor, will also decrease. 
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If thè base-emitter voltage decreases, thè base current -Iq also decreases. 
In this way thè increase in -le resulting froni an increase in temperature 
is opposed by thè decrease in -Ib* The influence of temperature variations 
ìs thus compensated and it is even possible to obtain over-compensatìon. 
In this circuit thè whole supply voltage - Vcc is utilized, either in thè output 
circuii or across thè transistor terminate; thè elimination of thè resistor 
in series with thè emilter means that thè circuit can yield thè maximum 
output power, It is also possible to employ a combination of thè last two 
methods, 

Fig. 297 corresponds in broad outline to a combination of thè circuits of 
Figs. 285 and 295. The voltage divider is formed bere by thè resistor R L 
and thè resistor R t with thè thermistor Rth connected in parallel with it, 
The operation of this circuit is very similar to that of thè circuits already 
discussed; however, thè base-emitter voltage depends on thè mutuai re- 
lationship between thè values of R 2 and so that thè stabilizing elfect 
of tlie thermistor is not so great. 

Whichever circuit is employed* it is always necessary to stabi Hze thè tran¬ 
sistor against thè effect of temperature variations, The ambient tempe¬ 
rature is thè fund amen tal quantity control Hng this compensa tion; we shall 
see that under cartaio eonditions thè ambient temperature has to be taken 
into account even in spite of thè stabilization that is applied, Àt normal 
ambient temperatures however, it is always possible, with thè aid of thè 
circuits just describcd* to prevent thè transistor being overheated or damaged. 
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CHAPTER 28 


The load impedance 

The operati on of an electron tube can be investigateci by drawing thè ìoad 
line on thè J a — f(V a ) characteristic, In a similar way thè operation of a 
transistor as amplifìer can be studied with thè aid of thè load line in thè 
-le — f(-VcE) characteristic. In doing this, thè following four important 
factors must be taken into account: 

The equa! power hyperbola. 

The maximum output power of thè amplifìer. 

The choice of thè Constant collector current (bias voìtage of thè 
transistor). 

The maximum power gain* 

28. L Constant-power hyperbola 

This factor has already been considered on page 170. Fig. 298 represents 
thè -le = f{~ V ce) characteristic of thè transistor. On this figure we can 
plot thè hyperbola which represents thè locus of thè maximum output 
power for a given temperature, At no point may thè load line come within 
thè liatched area to thè right-hand side of this hyperbola, as all points in 
this area correspond to a greater power than thè maximum pcrmissible 
collector dissipation at thè temperature in question. 

In practice, thè load impedance must always be chosen so that thè load 
line remains at some distancc from thè hyperbola; this is becausc it is 
very difficult to foresec thè values which thè ambient temperature may 
reach, and an increase in this temperature is expressed in a displacement 
of thè hyperbola to thè left, as indicated by thè arrows in thè figure. 
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28.2, Maximum output power of an amplifìer 

In order to determine thè maximum output power of an amplifìer, we must 

distinguisi! between thè following two cases: 

Resistive load. 

Inductive load. 

Resistive Ioad 

Fig. 299 shows thè amplifìer loaded by a resistance Rl. In thè characteristic 
of Fig, 300, we determine thè pomi corresponding to -Vcc — 10 V, In 
order to obtain thè maximum output power with minimum distortion, thè 
voltage must be able to swing thè sanie di stanco on bolli sides of thè working 
point. This symmetrical displacement must correspond to thè maximum 
amplitude, The working point is now given by thè equation; 

-Vce = -Veci 2 - -10/2 - -5 V, 

The power avai lab le at thè output equals thè product of thè maximum 
variation of thè colicelor-emiiter voltage and thè maximum variation of thè 
collector current: 

Po = (àVcEÌ^l) (AIclV 2 )- 

There are both top and bottoni limits to thè load resistance (Ri). 

Low vaine of Ri 

The tangent of thè angle betw ? een thè load line and thè horizontal axis is 
given by 1 /Ri, so that tliis tangent - j.c. thè slope of this line - mcreases 
as thè value of Ri decreases. 
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The constant-power hyperbola sets a limit to thè slope af thè load line, 
as thè latler must not come within thè hatched region in Fig. 301, which 
means that Rl must not be less tlian I L.Q. This value corresponds to thè 
maximum output power. 

In thè absence of an input signal thè collector-emitter voltage must be 5 V, 
corresponding to point A on thè load line, The collector current is then 
-I c = 5 mA and AVce and Ale are practically equa! to 5 V and 5 mA 
respcctively. The maximum power available at thè collector is then equal to: 

P * = (AVceIV 2). (AIclV2) = (4.4 x 5/2)IO- 3 - li X 10“ 3 W 
= Il fflW. 


High vaìue of Rl 

lf Rl has a high value the load line will only have a slight slope. In this 
case too, the operating conditions of the transistor will be chosen so that 
the voltage can move an equal distane© to both sides of the working point, 
for the sake of obtaining minimum distortion. 

Consequently the value of thè Constant collector current will decrease with 
decrcasing slope of the Load line. Le. with inereasing value of Rl ♦ 

Suppose that Rl = 10 k Q. The corresponding load line is printed green 
in Fig. 30L lf the transistor operating conditions are now selected so that 
the working point corresponds to —Vce = 3.6 Y in the absence of an input 
signal, the Constant collector current will only equal 0.65 mÀ. In this case, 
AVce and Aie equa! approximately 3.2 V and 0.4 mA respectively, so 
that thè maximum power available at thè output equals: 

P 0 =(A VceIV 2 )- i^ciV 2 ) = (3.2 X 0.4/2) IO -3 = 0.64 X 10“ 3 = 0,64 mW. 

We thus see that the maximum power available at the collector decreases 
as the load impedance increases* 
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The effect of thè load impedance on thè transistor bias voi lag e 
Às thè relationshìp bctween thè Constant collector current and thè Constant 
base current is given by thè equation -le — -ìifeIb, thè Constant base 
current will decrease witli increasing vaine of thè load impedance Rl . 
Suppose that hj^, thè current amplificati on Factor of thè transistor is 
equaì to 50. 

Àt a low vaine of Rl? e.g, i k£J (red line in Fig. 302) we have -le = 5 mA 
so that, ncglectìng -Iceo in relation to -le: 

-I B = - Ic/hFE = 5/50 = 0.1 mA » 100 pA. 

The equivalerci input circuit is shown in Fig. 303. The total resistance of 
thè circuii can be calculated from thè supply voltage -Vcc and thè base 
current -Ib : 

R, + h, - -VccHb = 10/10" 4 = lfWJ = 100 k Q. 

Since thè input resistance h £ can be ncglccted in coni paris on withthe series 
resistor R^ the lattcr can be taken as 100 kQ. At a high value of Rl, e,g. 
10 kQ (green line), we have -le — 0.5 mA, so that, neglecting -Iceo in 
relation to -le: 

-I B = -IcfhFB = 0.64/50 = 0.0128 mA = 12.8 |iA. 

The equivalcnt input circuit is given in Fig. 304. In this case, the input 
impedance h £ can certainly be neglected in comparison with the series re¬ 
sistor R\ 9f so that the latter is : 

R* - - VccHb = 10/(12.8 x 10-*) - 800 kQ. 

From this we see that thè series resistance increases with the load resistance. 
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Inductive load 

Fig. 305 reprcsents thè transistor with an inductive load of negli gible re- 
sistance. The operating conditions of tlie transistor aie again chosen so 
that -Vcc = 5 V {point A in Fig. 306). In this case thè collector-emitter 
voltage -Ve e will bc equal to thè supply voltage -Vcc in thè absence of 
a signah 

The maximum output power of thè transistor with a low valuc of Zl 
In this case thè angle between thè load line and thè horizontal axìs is given 
by I/Z/,* Mere toc, thè transistor operating conditions must be chosen so 
that thè voltage can move thè same dìstance to both sìdes of thè working 
point, without dislortion occurring at maximum amplitude, 

We shall assume that, without input signal, -Vce = -Vcc = 5 V so that 
thè Constant collector current -le — 5 mA, The voltage can now move 
in both directìons over a distancc corresponding to 4.4 V, so that thè peak- 
to-peak value of thè collector-emitter voltage is 8.8 V, Tn this case, therc- 
fore, thè maximum reactive power at thè output is: 

P ù = (AVceIV 2). {ÀIcìy/2) - (4*4 x 5/2)IQ- 3 = 11 x 1Q- 3 W = II mW. 


- 326 - 




FI* 305 


—Vcc 



-VcbQO 


Fig. 306 


- 327 - 
































-VcniV) 


Flg. 307 



- 328 - 



































Maximum output power of thè transistor with a high value of Zi 

The siepe of the toad Ime decreascs as Zi increases, The green load line 
in Fig. 307 corresponds to a load impedance Zi of 10 k Q. In this case 
too the working poirtt is chosen so that, in the absence of an input signal, 
“■ Vce = ~Vcc - 5 V. The collector-emitter voltage ean again vary in 
both directions to a maximum value A Vce of 4 A V, corresponding to 
le = 0J mA. 

The power availabie * : the output is now: 

p o = (AVceIV?) • ÌAtd\% = (4.4 x 0,3/2)IO -3 = 0,66 x 10“ 3 W 
= 0,66 mW, 

The maximum output power thus increases as the load impedance decreases. 

The effect of the load impedance on the transistor bias 

Àt a low value of the load impedance e.g. Zi = 1 kQ, and neglecting -leso 
in relation to -7c> the Constant b::: current will cqual: 

= -I c fhp E — 5/50 - 0 i mA - IO -4 A. 

if the transistor operating conditions are again adjusted so that -Vc B ~ 
-Vce = 5 V, corresponding to a Constant collector currcnt Me of 5 mA, 
and the current amplification fae or is 50, The resistance of the input 
circuii (Fig, 308a) can be calculated from the values of -Ib and - Vce * 

R P + Ri = VcoflB = 5/10“ 4 = 5 X IO 4 = 50 k& 

Since the input resistance R { of the transistor may be neglected in com¬ 
parisca with the series resistance R lr the latter may be taken as equal to 
50 kG. 

At a high value of the load impedance, e,g« Zi — 1 kG, and the sa me tran¬ 
sistor operating conditions, the Constant base current will be: 

M b = McIìife = 0.5/50 = 0.01 mA = 10~ 5 A. 

Fig, 308b represents the equivalent inpjt Circuit. Since, in this case also, 
the input resistance of the transistor may bt neglected in relation to tlie 
series resistance, we bave 

R P = Vcc/Ìb = 5/10- 5 Q — 500 kG. 
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28.3. Maximum power gain 

In order to determine thè maximum power gain we shall represent thc tran¬ 
sistor amplifier stage by thè four-pole shown in Fig. 309. The power gain 
is now thè quotient of thè power availabte at thè output and thè power 
convcyed to thè input. In thè input circuit v* represents thè driving voltage 
and i { thè driving current The power conveyed to thè input is therefore: 

Pi = ViU‘ 

In thè output circuit v e represents thè available output voltage and i ò thè 
current flowing through this circuii. The available output power is there¬ 
fore: 

Po = ^ 0^ o m 

The power gain is given by thè equation: 

G P — PJP i = vjjv i i i = (vjv,) . (. iji *). 

In this equation vjv i represents thc voltage gain and iji i thè current gain 
of thè transistor: 

Gv = vjv t and G A = iJU * 

This means that thè power gain of a stage is equal to thè produci of thè 
voltage gain and thè current gain. In order to determine thè effect of thè 
output load on thè power gain, we will now investigate what effect this 
load has on thc voltage gain and then on thè current gain. From this it is 
possible to determine at whicb value of thè output load thè maximum 
power gaìn can be obtained. 
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28.4. The effect of thè load impedance on thè voltage gain 
Fig. 310 shows thè behaviour of thè voltage gain as a function of thè load 
impedance of thè transistor. From this curve we see that thè voltage gain 
G v = v e /v ( is lowest at low values of thè output impedance and then in- 
creases rapidiy to reach a maximum value as this impedance approaches 
infinity. When Rl = 0 we ha ve Gv = 0, as thè output voltage v„ is equal 
to thè produci of Rl = 0 and thè collector current. 

Calculation of thè voltage gain for a given load impedance 
We will now calculate thè voltage gain with thè aid of thè family of char- 
acteristics for a given load impedance. To this and we draw, in Fig. 311, 
thè load line corresponding to Rl — 1 k.Q; thè working point is chosen 
so that -Ve b = -Fcc/2 (point A 1 on thè -le = JXrVcs) characteristic, 
point A 3 on thè -le = fi-la) characteristic and point A ò on thè -In =/{-Vbe) 
characteristic). We will assume that thè transistor is operating with matched 
drive. The peak-to-peak value of thè input voltage v f is reprcsented by 
B s C 6 , while BC represents thè peak-to-peak value of thè output voltage v 0 : 

Gv = vjv* ~ BC/B 6 C s . 

Under these conditions, thè calculation of thè voltage gain from thè family 
of characteristics does not offer any particular difficulty. 
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28,5* The effect of thè lo ad impedance on thè current gain 

In Fig. 312 thè current gain of thè transistor is plotted as a function of 
thè load impedance. This current gain is given by thè quotìent of thè output 
current, ì 0 and thè input current i tf where i 0 is assumed to be thè peak-to- 
peak vaine of thè collector current, and i i thè peak-to-peak valuc of thè 
drivi ng current, 

The curve in Fig, 312 shows that thè current gain is a maximum at low 
values of thè load impedance, and graduaily decreases with ìncreasing 
value of thls impedance; at an infinitely high load impedance, thè current 
gain drops to zero, 

To determine thè current gain from thè Family of characteristics For a given 
load impedance, we set to work as foìlows. Fig< 313 represents thè complete 
famiìy of characteristics of thè transistor, Let us assume that thè load im¬ 
pedance, as in thè previous case, is 1 k Q. We will assume that -Vce ~ 
-Vcofly which fixes thè working point of thè transistor (point A x in thè 
-le — fi-VcEÌ eh a mete ri stic, point À$ in thè -I c = /(- Ib ) characteristic 
and point A 5 m thè -In = f(-VB£) characteristic). In this case thè transistor 
is operating with matched drive. The peak-to-peak value of thè driving 
current is given by B$C G and that of thè output current by B z C t> so that 
the current gain is equal to: 

Cm = tJU = (B 2 C 2 )j(B,Cs). 

Jn this wav, therefore, the current gain of this stage can easily bc determined 
from the characteristics of the transistor if thè load impedance and the 
gencrator impedance are known. 
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28.6. The effect of thè load impedance on thè power gain 
We will now represent both thè voltagc gain (printed green) and thè current 
gain (printed black) graphically as functions of thè load impedance (Figs. 
314 and 315). As we explained on page 330, thè power gain is equal to 
thè product of thè voltage gain and thè current gain. Consequently, we 
can use two curves to determine thè power gain as a funeri on of thè load 
impedance Rl (Fig. 316), To do this we plot thè product of thè voltage 
gain and thè current gain for a number of values of thè load impedance. 

Load impedance of 1 k Q 

With a load impedance of 1 kQ t thè current gain is large and is almost 
equal to thè maximum vaine, while thè voltage gain is small. In this case, 
therefore, thè power gain is: 

G P = Gv . G a ^ 42 x 50 ^ 2100 = 32.2 dB. 

With this value of thè load impedance thè power gain is therefore low, 

Load impedance of 20 k Q 

Wìth a load impedance of 20 k Q thè voltage gain is found to he 200 and 
thè current gain 21, so that thè power gain is: 

G P - G v . G a = 200 X 21 — 4200 = 36 dB. 

The power gain is thè maximum at this value of Rl . This must be ascribed 
to thè fact that thè output impedance of thè transistor in grounded emitter 
is also of thè order of 20 ki2. 
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Load impedanee of 1 M Q 

The voìtage gain bere approximates to its maximum vaine of 600, but thè 
current gain is only slightly greater than 0. The power gain is given by: 

G P - Gv. G a — 600 X 1,5 = 900 = 29.5 dB* 

It follows from this that thè power gain for a load impedanee of i MQ 
is only smal], 

Fig. 317 sitows that thè power gain Gp is a maximum if thè load impedanee 
is equal to thè output impedanee of thè transistor (20 kf3). The power 
gain drops rapidi y with in creasi ng or decreasmg values of thè load impe- 
dance* Consequently thè re is an important difierence between thè maximum 
power gain and thè maximum power which a transistor can supply* 

In Fig. 318 thè red load line corresponds to thè maximum power gain; 
thè slope of this line tan A — 1/Rl corresponds to a vaine of R& equal 
to thè output impedanee h 0 of thè transistor, By contras!, thè blaek load 
line corresponds to thè maximum power which is available at thè output 
of thè transistor; thè slope of this line is determined by thè Constant output- 
power hyperbola. 
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CHAPTER 29 


Transistore connected in Cascade 

Transistor connected in cascade can be coupled either by means of a trans- 
former or by an RC Circuit, 

29, h Transformer-eoupled stages 

Fig, 319 rcpresents a circuii in which two transistors are coupled by means 
of a transformer, The -le = T(-Vce) characteristic of transistor 1 is shown 
in Fig. 320, Àssuxning that thè supply voltage -Vcc is equal to 5 V* thè 
d,c. load line of thè transistor can be drawn through this point. Since thè 
primary of thè transistor has a negSigible resi sta nce this line will ha ve a 
very steep slope, In drawing this load line, however, thè resistance in serica 
with thè emìtter must be taken ìnto account The position of thè working 
point on this load line can now be determined in thè absence of an input 
signal. 

For alternating current thè load impedance of transistor I is much greater 
than zero, as it equals thè input impedance of transistor 2 transferred to 
thè primary, If thè transformati on ratio is n and thè input impedance of 
transistor 2 is equal to h i2 , then this transferred impedance is: 

Zp = n 2 h i2 , 

The load impedance for alternating currcnt is therefore always much greater 
than that for direct current, so that thè load line for alternating currcnt 
(printed red in thè figure) will always have a much flatter slope than thè 
load line for direct current. The maximum power which transistor 1 can 
supply to transistor 2 depends on one hand on thè voltage across thè output 
terminate of transistor 1 and on thè other hand on thè current flowing 
through thè circuii, (Projections of thè voltage swing on thè load line and 
on thè -Vce - and axes: 

so that v 0 peak = * o peak = 

SO that P ol — (v 0 peak/v^)- O'o peak/V^) “ 
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In order to obtain thè maximum undìstorted power we must therefore 
ensure that is equa! to À X C V 

We will now move thè working point on thè d,c. load line to point D (see 
Fig, 321), The angle between thè green a,.c. load line and thè horizontal 
axis remains unchanged, The maximum power which transistor 1 can supply 
to transistor 2 is now: 

F oì = ( v tì peWv'2), (i 0 peak/\/2) = > (D 2 E^)/2. 

This power is greater than thc power which we have just calculated whìle, 
in addition, thè Constant collector current is lower. The efficiency of this 
amplifier is therefore considerably greater than in thè previous case. 

In these considerations, we have assumed that thè input impedance of 
transistor 2 is Constant, whatever thc voltage variations. This ìs indeed true 
fot sma II signals, bui thè variation in thè input impedance cannot he neglect- 
ed fot large signals. This is because this impedance increases when thè base 
becomes less negative (point F of thè regio n DF), and decreases if thc base 
becomes more negative (point £ of thè region DE ). The dotted line re- 
presents thè actual ax. load line. 
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Fig. 321 
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29.2. iìC-coupled stages 

Fig. 322 represents a two-stage amplifìer in which trans!stors 1 and 2 are 
coupled by an RC circuit. The load of transistor 2 is al so a resistance. We 
again draw thè d.c, load line in thè -J c = f (-Vce) characteristic of tran¬ 
sìstor 1 (Fig. 323). This is determined by thè supply voltage -Vce = IO V 
and thè load resistance — 10 ki2 of transistor I. Às in thè previous 
case, we select thè working point so that -Vce — -Vccfà* 

For alternati mg current, capacito r C 2 presenta a negligale impe dance, so 
that we may assume thè input impedance of transìstor 2 to he connected 
directly in parallel with thè load resistance of transistor I. Now this input 
impedance is only a few hnndreds of ohnis, Le, mudi lower than thè load 
impedance. This means that thè load impedance of transistor 1 is much 
lower for alternating current than it is for direct current 

In Fig. 323 thè a,c. load line of transistor 1 is printed red, The power available 
at thè output is: 

Poi = (àVJV 2) WJV 2). 

The peak vaine of thè output voltage in thè direction of decreasing current 
is bere equal to A r B ly and since thè chosen working point must bc situated 
at thè centre of thè voltage swing, C 1 A l will he equal to A^B^ 
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From thè projections of point C on thè -le axis and on thè - Ve e axis (see 
Fig. 324) we bave: 

Pol = (Vo peak/VD* (io peakfV?) - WA) * MAV2- 

In this case thè output voltage is only a subordinate factor, thè princìple 
object being to convey thè maximum possibie power to thè transistor. \n 
thè first place this power depends on thè peak value A 2 B 2 of thè collector 
eurrent. 

If we select thè working point on thè d.c« load line so as to give a greater 
Constant collector eurrent and a smaller collector-emitter voltage, e.g. 
point D (printed green in thè figure), thè peak value D 2 E 2 of thè collector 
eurrent wìll increase considerai y. As thè load lines at points A and D 
ha ve thè same slope, thè voltage amplitude will scarcely decrease as a result 
of this shift of thè working point: 

peak = J peak = &1&1 

so that 

Poi — C v o pe&k/V^)- (i 0 peak/\/2) — (Bi&ù ■ 1 0 2 E^)/2. 

We see that in this case transistor 1 can supply a greater power to transistor 
2. In practice thè operati ng conditions will he chosen such that thè collector- 
emitter voltage in thè absenee of a sìgnal is of thè order of 1 to 2 V. The 
load resistance of transistor 1 will he made as iarge as possibie, so that 
most of thè collector alternating eurrent will flow through thè input im- 
pedance of transistor 2. In these discussions it was assumed, in setti ng out 
thè a.c. load lines, that thè input impedance of transistor 2 is Constant, 
which is in fact true for small signals. For Iarge signal-s thè voltage swing 
in thè directions of points Fand E on thè load line, resulting from thè input 
signal, will mean that thè input impedance of transistor 2 increases if thè 
voltage swings in thè direction of F, and decreases if thè voltage swings in 
thè direction of E , The actual load line is shown dotted in thè figure. 
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CHAPTER 30 


The use of transistor» at radio frequencies 

The behaviour of transistor in thè amplification of rX signals is undoubted- 
ly much more complicated than it is in thè amplification of a.f. signals. 
Some parameters which wcre ncglcctcd in previous chapters will prove to 
be of great importance ; these relate principally to thè internai capacitances 
of thè transistor. 

The upper limit to thè frequency at which a transistor can be used is deter- 
mined by thè trami t time of thè electrons. There is in fact a limit to thè 
velocity with which these can move in a semiconductor, so that there is 
sometimes a limit to thè amplification of a transistor at very high frequencies. 
The signals to be amplified at radio frequencies are usually weak and thè 
principal object is to obtain thè greatest possible power gain. To achieve 
this, thè impedance of thè signal source must equal thè input impedance 
of thè transistor* while thè load impedance must equal its output impedance: 
in this case thè transistor is operating with matched drive. However, this 
is not possible for all r,f. transistore, because matching may give rise to 
instability. In this case, a certain amount of “mismatching” must be apphed 
purposely, with thè resulting loss of amplification. The relatively smooth 
shape of thè curve in Fig. 317 illustrates this. 

To simplify thè following explanations, we will fìrst limit ourselves to 
regarding thè transistor as an active element, in other words, we shall 
exami ne thè factors which determino t hè amplification at radio frequencies, 
and shall investigate thè variations to which this amplification is subject. 
We shall then regaxd thè transistor as a passive element in order to discover 
thè influence of thè transistor input on thè driving Circuit, and of thè output 
on thè load Circuit, and we shall also discuss thè negative feedback from 
thè output circuit to thè input circuit (see Fig. 325). 

In order to obtain an appreciation of thè difficultics which can be encounter- 
ed in thè use of transistor in a wide frequency range, it is necessary, for 
thè sake of compietene ss, to discuss thè va nati ons of thè various para¬ 
meters, Às thè greatest power gain is achieved in thè common emitter con- 
figuration, we shall limit ourselves to this. 
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CHAPTER 31 


The transistor as an active element 

R,F, signals are preferably amplified with matched drive, so that thè tran¬ 
sistor is both current - and voltage - driven, The principal factor in current 
drive is thè current amplifxcation factor of thè transistor, represented by thè 
Symbol but for voltage drive, with which we are prindpally concemed 
in connection with r,f. appi icari ons, thè siepe y u of thè transistor is thè 
most iniportant factor (also see page 198), Unfortunately, both these para- 
meters vary with thè frequency of thè signal to be amplified, 

The frequency at which thè current gain has dropped to 1/V2 of its originai 
vaine at low frequencies (see Fig. 326), is termed thè cut-off frequency / a * 
of thè transistor* By analogy, it wouìd be possible to determine thè cut-off 
frequency f ye at which thè siepe has dropped to 1 /y^2 of its originai low 
frequency vaine (Fig, 327), In practice, howeveris usually much lower 
than/^, so that thè latter does not have to be taken into account, For this 
reason thè manufacturer only publishes thè cut-off frequency so that 
f ve will have to be determi ned by measurement, The r,f, amplifìcarion of 
a transistor stage is determined by thè following four important parameters: 

The current amplifìcarion factor, 

The cut-off frequency of thè current-amplifìcarion factor* 

The siepe, 

The cut-off frequency of thè siepe. 

We will now discuss thè relationsliip between these quantities and thè 
operating conditions of thè transistor. 
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31. L Current-amplification factor 

We ha ve al ready discussed thè infìuence of thè eollector current and of 
thè collector-emitter voltage on thè eurrent-amplification factor on page 
193. For a low-power transistor this influence is only small, 

We will now examme thè efifcct which thè frequcncy of thè input si guai 
has on thè current-ampìifìeation Factor. To do this we start from thè circuit 
of Fig. 328. The transistor is operating wìth matched drive, that is, thè 
generai or impedance R g is equal to thc impedance h, of thè transistor. 
In addition thè transistor is loaded by a resistor Rl equal to thè output 
impedance h D of thè transistor, for example, R& = h Q = 20 kÙ. We shall 
assume that thè resistance of thè r.f, generator itself is zero and that there 
is a resistor R g connected in series with it, of value equal to thè input im¬ 
pedance of thè transistor. R.F. valve voltmeters are connected across thè 
terminals of thè resistor R g and over those of resistor R 

Fig. 329 represents thè equi va leni circuit of thè input. 

This consists of an r.f generator loaded by thè generator impedance R v 
in series with thè input impedance h ; of thè transistor. Suppose that R g 
= h f — 1 k Q. The voltage across resistor R g can be measured by means 
of thè valve voltmeter across il. From thè values of this resistance and this 
voltage follows thè current in thè input circuii, Le, thè base current of thè 
transistor : 

= h = v rJR s - 
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The equivalent output circuii is gtven in Fig. 330* The vaine of thè collector 
current can be determined from thè voltage measured across thè load im- 
pedance: 

K — vrl/Rl* 

Once thè collector current i c and thè base current i b ha ve been determined 
in thls way they give thè current gain of thè transistor : 

Gà = iJh* 

By varyìng thè frequeney of thè generator these measurements can be 
carried out for various frequencies, thus making it possible to plot thè curve 
representing thè current gain as a functkm of thè frequeney (see Fig. 331). 
This curve shows that thè current gain is practieally Constant for low fre- 
quencies, and decreases fairly rapidly at higher frequencìes, 

31.2. Cut-off frequeney 

In Fig. 331 thè value of thè current gain which determines thè cut-off fre- 
quency is particularly important. This is given by thè point A on thè curve 
of current gain plotted against frequeney ; this point corresponds to a current 
gain equal to l/\/2 of thè originai value at low frequencics. 

We will now investigate thè effect of thè collector current on thè cut-off 
frequeney determined in this way. To do this we carry out thè sanie meas- 
urements for various values of thè collector current and plot thè frequencics 
at which this current is l/\/2 lower than thè originai value, as a fune ti on 
of thè collector current. Fig. 332 represents thè curve obtained in this way. 
This shows that thè cut-off frequeney remains practieally Constant for values 
of thè collector current betweeo 0.25 mA and 3 mÀ, which means that thè 
current gain of thè transistor always drops to l/-y/2 of its originai value 
at a certain frequeney. 
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31,3, Siepe 

The influence of thè collector current on thè slope of thè transistor has 
aìready been discussed on page 202. The siepe was found to increase with 
thè collector current (see Fig. 333). 

We shall now investigate to what extent thè slope of thè transistor is affected 
by thè frequency of thè input signah Let us assume that in this case al so 
thè transistor is opcrated with matched drive, so that thè generator ìm- 
pedance is equa! to its input impedance, while thè load impedance equals 
thè output impedance of thè transistor (Fig* 334). We wi!l again take thè 
resistane^ of thè generator itself as zero, bui with a separate resistor R q 
= h* = 1 kQ connected in series with it. Fig. 335 represents thè equivalcnt 
input circuit. This contains an r.f. generator connected in series with thè 
generator impedance R ff and thè input impedance h, of thè transistor. We 
can again de termine thè voltage across thè input impedance of thè tran¬ 
sistor, Le. thè base-emitter voltage v b& by means of a valve voltmeter. 

The slope is given by thè quoticnt of thè variatìons of thè collector current 
and thè varlations of thè base-emitter voltage causing these current varia- 
tions* 

7u = àÌJAv t ,. 
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Fig, 336 represents thè equivalent output Circuit of thè transistor. The voltage 
across thè Ioad impedance Rl can be measured with thè aid of an t\f. valve 
voltmeter. The current through this circuii Le, thè collector current can 
be calciliated from thè value of this impedance: 

ÌRl ~ = ^RjjSRh' 

When thè slope of thè transistor has been determined in this way thè meas- 
urement can be repeated for other frequencies, so that we obtain a curve 
representing thè slope as a funetìon of thè frequency of thè input signal 
(see Fig. 337), Point A on this curve, corresponding to thè frequency at 
which thè slope of thè transistor has decreased by a factor relative 
to its originai value at low frequencies is partici! larly important This is 
thè cut-off frequency f m for thè slope of thè transistor. This cut-off fre¬ 
quency will be found to be appreciably higher than thè cut-off frequency 
for thè current gain, which explains why a transistor can operate very well 
at higher frequencies than thè cut-off frequency / a# which is published by 
thè manufaeturer (for thè common-emitter confìguration). 
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31A Determmatìon of thè optimum vaine of thè Constant 
collector current 

We will now attempi to fìnd thè optimum value of thè Constant collector 
current, in order to ensure satisfactory operation of thè transistor at high 
frequencies. Assuming that thè transistor operates with matched drive, it 
is desirable that both thè current gain and thè slope should be as large as 
possible at thè frequencies at which tiie transistor is used s or in other words 
that both cut-off frequencies should bc as high as possible, 

The cut-off frequency fot thè current-amplification factor 

In order to determine thè cut-off frequency for thè current-amplification 
factor we will plot thè current gain at a Constant collector current of 1 mÀ 
as a fune ti on of thè frequency (Fig. 338), The cut-off frequency is now 
given by thè point A on this curve, whose projection on thè ordinate cor- 
responds to l/\/2 of thè maximum current gain, and which gives thè point 
/a on thè abscissa as thè cut-off frequency, If we now increase thè eollector- 
current, to -le = 2 mÀ for example, thè same value of thè cut-off frequency 
is obtained at a point fs which differs very little from/a, Às far as current 
drive is concemed, therefore, thè operation of a transistor at high frequencies 
is found to be practically independent of thè operating condìtions. 
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The cut-off frequency for thè slope 

We will again assume that thè Constant collector current is -le = 1 mÀ. 
The slope of thè transistor is plotted as a function of thè frequency in Fig. 
339. The projection of thè point À on thè abscissa gives thè point/^ as 
thè cut-off frequency and its projection on thè ordinate gives a point cor- 
responding to 1 j^/2 of thè slope at low frequencies, If we allow thè Constant 
collector current to increase, thè same vaine of thè slope will be obtained 
at a frequency f B which is lower than With voltage drive thè transistor 
works less satisfactorily as thè collector current is increased, so if it is 
required to use thè transistor at thè highest possible frequency it is recom- 
mended that this current should be made as small as possible. In practicc 
there is a lower limìt to thè vaine of this current, represented by thè leakage 
current, and principally by thè variations of thè leakage current as a function 
of thè temperature. 

In thè -Iq = firV ce) characteristic of Fig. 340 thè Constant collector current 
-I c = 0.5 mÀ. Àn increase in temperature will cause this current to mcrease, 
either because thè -I c — f(-V ce ) characteristic shifts, or because thè tran¬ 
sistor operating conditions move in thè direction indicated* 
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CHAPTER 32 


The transistor as a passive element 

The object of this chapter is to investigate thè influence of thè input im- 
pedance of thè transìstor on thè Circuit driving it, and of thè output impe- 
dance on thè load circuii* We shall also discuss in more detaìl thè feedback 
which thè transistor introduces between thè load circuit and thè input 
Circuit* To this end we must defìne thè various internai elements (resistances 
and capacitances) of thè transìstor more closely and must investigate to 
what extent these depend on thè collector current and on thè frequency, 

32,1. Equivaleet circuit 

The input circuit is formed by thè base-emitter circuit and thè output circuit 
by thè collector-emitter circuii, whìle thè feedback is determined by thè 
collect or-base circuii, Fig, 341 shows thè various transistor parameters 
which ha ve more than a negligible ìnhuence on its behaviour at high fre- 
quencies. 

Fig, 342 represents thè equivalent circuit of thè transistor, The elements 
printed in red represent thè input circuit of thc transistor, consistmg of a 
resistance r hì> \ which must be ascribed to thè region between thè base 
connection and thè base region of thè junctions, a resistance r b * e in series 
wìth r^, and which must be ascribed to thè base-emiIter junction, and a 
capacitance which must be ascribed to thè diffusion of thè holes in thè 
base (thè input capaci lance of thc transistor) and which is connected in 
par allei with 

The output circuit (printed green in thè figure) contains only a resistance 
r ee which represents thè output impedance h 0 of thè transistor. 
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The feedback circuit (printed black in Fig, 343) comprises a resistance 
r b f c which must be ascribed ta thè collector-base junction and a capacitance 
c h f c which must also be ascribed to this junction and which is connected 
in parailel with thè resistance r b c . The equivalent Circuit obtamed in this 
way refers only to thè passive elements of thè transistor, so that we must add 
thè active elements in thè forni of a current generator g m v b£ . 

In thè usuai transistor termìnology, thè resistances r btt r b c and r C£ are 
designated by thè symbols g b9J g b c , g C€ respectively, corresponding to thè 
reciprocai resistances, i,e, : 

g bB — reprcsents thè input admittance of thè transistor. 

g b c — 1 jr b c represents thè admittance of thè internai feedback. 

gè* ~ l/ r c« ^presents thè output admittance of thè transistor. 

The equivalent circuit, as represemed in Fig. 344, is thè sanie as Fig, 342, 
thè only difference being that thè symbols have been adapted to this ter¬ 
mino lo gy. The equivalent circuit can also be represcnted more simply, as 
in Fig, 345. The input circuit consists of resistances and capacitances, so 
that these can be replaced by r ieq parailel with a capadtanee c te<r This is also 
traefor thè output circuii, which can be represented by a resistance r oe ^ in 
parailel with a capacitarne c ocq . Finally thè feedback circuit is formed by a 
capadtanee c T ^ in series with a resistance 
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CHAPTER 33 


The influence of thè collector current and of 
thè frequency on thè various r.f. parameters 
of thè transistor 

33.1. The input Circuit 

The input Circuit consists of thè resistance r bb in series with thè resistance 
r b ' e in parallel with which is connected thè capacitance c be (see Fig. 346). 

The influence of thè collector current on r bb 

In Fig. 347 r bb is plotted as a function of thè collector current -/c. The 
figure shows that this resistance does not vary with thè collector current. 
This is explained by thè fact that thè collector current only flows through thè 
collector-base and base-emitter junctions and thus has no effect on thè re¬ 
sistance which must be ascribed to thè base connections. 

The influence of thè collector current on r b ' e 

The resistance r be corresponds to thè input impedance of thè transistor; 
thè relationship between this impedance and thè collector current has ai- 
ready been discussed on page 186 and is represented graphically in Fig. 
348. This figure shows that r b6 decreases steeply as thè collector current 
increases. 

The influence of thè collector current on c b * e 

The curve in Fig. 349 shows thè input capacitance c be of thè transistor 
plotted as a function of thè collector current. This capacitance is found 
to increase sharply with thè value of thè collector current. We must point 
out that this capacitance is relatively high, i.e. of thè order of several hundred 
picofarads; this point must therefore be carefully considered in thè design 
of a circuit for amplifying r.f. signals. 
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With thè aid of thè curves that we have just described we can find out how 
thè equivalent resistance r ieq and capacitance c <e q which represent thè 
resistive and capacitive effects of thè transistor input, depend on thè col- 
lector current. For this purpose we will make use of thè simplified represen- 
tation of thè transistor input which is given in Fig. 350. This consists of a 
resistor r ieq connected in parallel with a capacitor c ie(l . With thè aid of this 
representation we can determine thè changes in value of these two elements 
as functions of thè collector current. 

The influence of thè collector current on r ieq 

In Fig. 351 r ie q is plotted as a function of thè collector current. The variation 
of this resistance with thè collector current shows great agreement with 
that of thè base-emitter resistance r b ' e . We see that r ie q also decreases 
rapidly with increasing collector current. 

With thè aid of this curve we can accurately determine thè value of thè 
input resistance of thè transistor, i.e. thè resistance which is connected in 
parallel with thè driving Circuit, for each value of thè collector current. 
As thè calculation of this resistance falls outside thè scope of this book, 
we will content ourselves with stating its value at thè end of this chapter 
as a function of: 

&bb 66 » &b e 1/^6 e? ^6 e C b c . 
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The influence of thè collector current on r <e q 
The capacitance c, eq is prindpally determined by thè input capadtance of 
thè transistor, and its variation as a function of thè collector current shows 
great agreement with that of c b ' e (see Fig. 352). We see from this that c <e q 
increases approximately linearly with thè collector current. 

We can determine this capacitance accurately for a given value of thè col¬ 
lector current, and in this way we can determine thè capacitance which is 
connected across thè input Circuit. The value of c <e q as a function of c b „ 
c ba and g bb is also given at thè end of this chapter. 

33.2. The output Circuit 

The output Circuit consists of thè collector-emitter resistance r ea connected 
in parallel with a capacitance c M (see Fig. 353). We will now investigate 
thè influence of thè collector current and thè collector-emitter voltage on 
these two parameters. 

The influence of thè collector current on r ea 

The collector-emitter resistance r ea corresponds to thè output impedance 
of thè transistor, which has already been discussed in detail on page 189. 
Fig. 354 shows this resistance plotted as a function of thè collector current; 
thè resistance decreases rapidly with increasing collector current. At a 
Constant collector current of 0.25 mA, it is stili approximately 150 ki2, but 
at a Constant collector current of 3 mA thè resistance of an OC 44 tran¬ 
sistor has already dropped to 40 kO. 
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The influence of thè collector-emitter voltage on r et 

The influence of thè collector-emitter voltage on thè output impedance 
h 0 = r ce of thè transistor has already been discussed on page 189. It is 
found that this resistance increases only slightly with thè collector-emitter 
voltage. 

The influence of thè collector current on c ce 

From thè curve of Fig. 356, in which thè output capacitance c ce is plotted 
as a function of thè collector current, we see that this capacitance increases 
rapidly with thè current. This effect can easily be explained since thè capa¬ 
citance in question consists of thè base-collector capacitance c b ' c , and thè 
base-emitter capacitance c b ' e connected in series. An increase in thè collector 
current causes thè base-collector junction to decrease in width with thè 
result that thè capacitance of this junction increases with thè collector 
current. The output capacitance of thè transistor is given by thè equation: 

= 1/C»' c + 

and increases with thè value of -le. 

The influence of thè collector-emitter voltage on c ce 

The output capacitance c ce is plotted in Fig. 357 as a function of thè col- 
lector-emitter voltage. We see that this capacitance decreases as thè col¬ 
lector-emitter current increases, but tbat thè influence of thè collector current 
is only slight. 
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The output citcuit can be represented by thè equivalent circuit of Fig.358 
in which an equivalent resistance r oeq is connected in parallel with an 
equivalent capacitance c 0 e q . The former represents thè purely resistive 
effect to be ascribed to thè output of thè transistor while thè latter re¬ 
presents thè purely capacitive efifect of thè output. Starting from thè curves 
which we have just discussed, we can now determine thè influence of thè 
collector current and of thè collector-emitter voltage on these two elements. 

The influence of thè collector current on 

Fig. 359 shows thè equivalent output resistance of a transistor at high 
frequencies as a function of - le . From this curve it is possible to make an 
accurate determination of thè value of this resistance for a given collector 
current, in order that it may be taken into account in thè design of a circuit. 
For thè sake of completeness thè relationship between r^q and thè tran¬ 
sistor parameters: 

gce = 1 Ir ce, gi'c = 1 K e, g bb ' = l/r bb \ g be = 1 /r 6 '„ c b c and c b \. 
is given at thè end of this chapter. 
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In place of thè impedance r ce its reciprocai, thè conductance g ce = l/r ee 
is often used. As we see from Fig. 360, thè output impedance r ce is connected 
in parallel with thè load impedance. The equivalent value of these two 
impedances is given by: 

V r oeq = I/r ce + 1/RL' 

For thè calculation it is easier to work with thè conductances, that is with 
^oea=l/r 0 eq, g ee = 1/r ce and gh = I/Rl, so that we can simply write: 

S'oeq = g ee + gL- 


The influence of thè collector-emitter voltage on r oe q 
The relationship between thè collector-emitter voltage and thè equivalent 
resistance r oe q is represented by thè curve in Fig. 361. The shape of this 
curve is practically identical with that which represents thè collector-emitter 
resistance as a function of -Ve e', here too, thè equivalent resistance in- 
creases slightly with thè collector-emitter voltage. 

The influence of thè collector current on c # q 

The variation of thè equivalent capacitance c„ e q as a function of thè col¬ 
lector current -le is represented by thè curve of Fig. 362. We see that this 
capacitance increases with thè collector current; thè explanation for this 
has already been given. At thè end of this chapter this capacitance is ex- 
pressed in terms of thè various transistor parameters already referred to. 
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The influence of thè collector-emitter voltage on c^q 
In Fig. 363 thè capacitarne c^q is plotted as a function of thè collector- 
emitter voltage. It is found that this capacitance decreases gradually as thè 
collector current increases. 

33.3. The feedback Circuit 

Fig. 364 represents thè feedback Circuit, consisting of thè base-collector 
resistance r b e with a capacitance c b ' c connected parallel to it. We will now 
investigate thè influence of thè collector current and thè collector-emitter 
voltage on thè values of these two parameters. 

The influence of thè collector current on r b > e 
The base-emitter resistance r b c is identical with thè internai feedback- 
resistance of thè transistor. The influence of thè collector current on this 
resistance can be deduced from thè transistor characteristics. This relation- 
ship is represented graphically in Fig. 365, which shows that this resistance 
decreases gradually as thè collector current increases. 

The influence of thè collector-emitter voltage on r b - c 
The relationship between thè base-collector capacitance c bc and thè col¬ 
lector current le is given in Fig. 367. This capacitance is found to increase 
fairly rapidly with thè collector current, which effect must be ascribed to 
thè increasing width of thè base-collector junction as a result of which, 
of course, thè base-collector capacitance increases. 
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The influence of thè collector-emitter voltage on c b ' c 
Fig. 368 represents thè relationship between thè base-collector capacitance 
c h \ and thè base-emitter voltage -Vce* We see from this curve that c b ' e 
decreases as - Vce increases. Just as we did for thè input and output circuits, 
we can represent thè purely resistive effect and thè purely capacitive effect 
of thè feedback Circuit (see Fig. 369) by thè symbols r req and c req for this 
equivalent resistance and capacitance respectively. The values of q and c req 
are expressed in terms of thè transistor parameters g bb , g b c9 g be and c b c 
by means of thè equations at thè end of this chapter. We will now examine 
thè influence of thè collector current and of thè collector-emitter voltage 
on this equivalent resistance and capacitance. 

The influence of thè collector current on r feq 
The relationship between r req and ~I C is plotted in Fig. 370. As thè collector 
current increases, thè value of r^q also increases, which means that thè 
internai feedback decreases. With thè aid of this curve we can determine 
thè value of q as a function of thè collector current. 
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The influence of thè collector-emitter voltage on r req 

Fig. 371 shows r^q plotted as a function of -Vce- Itis foundthatthis voltage 

scarcely has any influence on thè equivalent resistance r^. 

The influence of thè collector current on c, e q 

Fig. 372 shows thè relationship between c re q and -le- In this case, thè equi¬ 
valent capacitarne increases with thè collector current. The shape of this 
curve can be deduced from thè graph given in Fig. 367, in which thè base- 
collector capacitance is plotted as a function of thè collector current. 

The influence of thè collector-emitter voltage on 

The graph representing c re q asa function of -le (Fig. 373) can also be derived 
from thè curve showing thè relationship between thè base-collector capa¬ 
citance of thè transistor and thè collector-emitter voltage (Fig. 368).The 
capacitance decreases as thè collector-emitter voltage increases. 

33.4. Application of thè curves 

If we know thè curves which represent thè relationship between thè various 
transistor parameters, we can accurately calculate thè values of thè various 
elements comprising thè input, thè output and thè feedback Circuit, for 
a given set of transistor operating conditions. In doing this, we must re- 
member that in order to obtain thè maximum gain at high frequencies - 
that is to obtain thè highest possible values of thè cut-off frequencies for 
thè current gain and thè slope - thè operating conditions must be such that 
thè Constant collector current lies between 0.5 mA and 1 mA. 

When transistors are employed at high frequencies they may be used under 
widely differing conditions. We will now examine various circuits and will 
investigate thè behaviour of thè transistor more closely in each of these. 
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Transistore can be used for thè following purposes: 

As amplifiers for wide frequency bands. 

As aperiodic amplifiers. 

As tuned amplifiers. 

This shows that transistore can be used for quite different frequency ranges. 
Now thè various transistor parameters shown in thè equivalent circuit of 
Fig. 374 vary as a function of thè frequency, and for this reason we will 
make a closer examination of thè influence of thè frequency of thè input 
signal on thè input circuit, thè output circuit and thè feedback circuit of thè 
transistor. 

Input 

We can think of thè input as consisting of a resistance r, e q connected in 
parallel with a capacitance c ie q (see Fig. 375), r ie q being a pure resistance, 
and c ie q being a pure capacitance. In fact thè input of thè transistor can 
be represented as a complex impedance, consisting of a reai component 
and an imaginary component. 

An impedance of this type can be divided into two parts, namely; a reai 
component which can be represented by a pure resistance r ieq and an imag¬ 
inary component, which can be represented by a pure capacitance c ieq . 
Like thè values of r 4 eq and c ie q, thè equivalent impedance of thè circuit 
dependson thè frequency of thè input signal. The expressions for r ie q and 
c ieq , which are given at thè end of thè chapter, also contain thè angular 
frequency cu. 
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We will now consider a tuned Circuit (Fig. 376). The resonent frequency 
of this Circuit is determined by thè values of thè self inductance L and of 
thè capacitance C. The damping is expressed by thè value of thè resistance 
R connected in parallel across thè Circuit. In a transistor Circuit thè input 
of thè transistor is connected in parallel with thè driving Circuit which, 
for r.f. applications, is formed by a tuned circuit (see Fig. 377). Connecting 
thè transistor across this circuit can thus be regarded as connecting a re¬ 
sistance r ie q and a capacitance c, eq across thè circuit. The only result of 
connecting thè resistance r <eq will be that thè damping of thè tuned circuit 
increases, while thè capacitance c <eq will simply detune this circuit. 

By considering thè values of r <eq and c <eq as functions of thè frequency, 
we can draw certain conclusions about thè influence we may expect thè 
transistor to have on thè damping and on thè detuning. These effects can 
be taken into account in determining thè detuning curve of a receiver, and 
it may be possible to compensate for their influence on thè sensitivity of 
thè receiver, if this extends over a sufficiently large frequency range. 
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The influence of thè frequency on r ieq 

We can measure thè influence of thè frequency of thè input signal of a 
transistor on thè value of r ieq for a given value of a collector current. Fig. 
378 shows such curves plotted for three different values of thè collector 
current, i.e. for -le = 1 mA, 0.5 mA and 0.25 mA. 

We see from this family of curves for a given transistor that r* e q decreases 
sharply in thè frequency range between 500 kc/s and a few Mc/s. At a 
frequency of 100 kc/s this resistance equals approximately 2.5 k Q if thè 
collector current is 1 mA and about 10 k Q if this current is 0.25 mA. At 
a frequency of 1 Mc/s, these values are 1.5 ki2 and 6.5 k Q respectively. 
This graph also shows that thè smaller thè collector current to which thè 
transistor is adjusted, thè more rapidly thè resistance r ieq decreases. 

With thè aid of such a graph, it is possible to determine thè damping exer- 
cised by thè transistor on thè input circuit for various frequencies. For 
example, at a Constant collector current of 0.5 mA and a frequency of 100 
kc/s, thè extra damping on this circuit will be approximately 5.0 le Q (point 
A), at a frequency of 1 Mc/s approximately 2.5 3 cD (point B), and at a 
frequency of 3 Mc/s, about 2.0 kÒ (point C). The effeets of this damping 
on thè input circuit are represented for various frequencies in Figs. 379a, 
b and c. 
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The influence of thè frequency on e ieq 

Fig. 380 shows thè equivalent capacitance c <eq plotted as a function of thè 
frequency for various values of thè collector current (-le = 1 mA, 0.5 
mA and 0.25 mA). This graph shows that c <eq decreases with thè collector 
current. At a frequency of 100 kc/s, c ieq is about 400 pF if thè collector 
current is adjusted to -le = 1 mA and about 100 pF if this current is ad- 
justedto -le = 0.25 mA. At a frequency of 5 Mc/s, these values of c <e q 
are 310 pF and 100 pF respectively for thè same transistor operating con- 
ditions. 

To start with, thè input capacitance c je q remains practically Constant and 
then drops gradually at higher frequencies. The larger thè collector current, 
thè sooner does this decrease occur. On thè basis of such curves, it is possible 
to determine thè influence of thè input capacitance of thè transistor on thè 
detuning of thè input Circuit for various frequencies of thè input signal. 
At a Constant collector current -le of 0.5 mA and a frequency of 100 kc/s, 
thevalue of c <eq will be approximately 200 pF (point A) as it will at a fre¬ 
quency of 1 Mc/s (point B) and at a frequency of 5 Mc/s it will be about 
180 pF. The effeets of these changes in thè input capacitance of thè transistor 
on thè input circuit are represented in Figs. 381 a, b and c. 

The only effect which this capacitance has is to detune thè input circuit. 
Since thè variation of c ieq with frequency is only slight at a Constant col¬ 
lector current of 0.5 mA, this will not have any serious results. If thè tran¬ 
sistor had been adjusted to a Constant collector current -le of 1 mA, thè 
effect of thè variations in c <e q would have been much greater. 
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Output 

The output of thè transistor consists of a pure resistance r oeq connected 
in parallel with a capacitance c oQ q (see Fig. 382). As for thè transistor input, 
thè transistor output can be represented by a complex impedance, with a 
reai component and an imaginary component. Such an impedance can be 
divided into two parts: 

A resistive component which can be represented by a pure resist¬ 
ance r oeq . 

A reactive component which can be represented by a pure capacit¬ 
ance C 0 q q. 

Both of these elements can be expressed in terms of thè various transistor 
parameters. The equivalent impedance of thè circuit depends on thè fre- 
quency of thè input signal, as is also trae for thè reai and imaginary com- 
ponents of thè impedance, r oeq and c oe q respectively. Consequently thè 
expressions for r oeq and c oeq which are given at thè end of this chapter 
also contain thè angular frequency co. 

The influence of thè frequency on r oeq 

Fig. 383 shows r ^ q plotted as a function of frequency with -le as para- 
meter. This graph shows that at a frequency of 100 kc/s thè resistance 
r 0 e q is approximately 100 kO at a Constant collector current of -le = 0.25 
mA, and approximately 20 kO at a Constant collector current of -le = 1 
mA. At a frequency of 5 Mc/s, these values are 30 kO and 5 kO respectively. 
The smaller thè value of thè Constant collector current -le to which thè 
transistor is adjusted, thè more sharply does thè value of r oe q decrease with 
increasing frequency. 
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Ata Constant collector current of -le = 0.5 mA (Fig. 383) r^q is 48 kfl 
at a frequency of 100 kc/s, 35 LO at a frequency of 1 Mc/s and 10 LO at 
a frequency of 5 Mc/s. This shows that thè extra damping exercised by 
thè transistor on thè output Circuit decreases with increasing frequency. 
The effect of thè transistor damping for various frequencies is represented 
in Figs. 384 a, b and c. 

The influence of thè frequency on c # q 

The equivalent output capacitance c oe q of thè transistor is plotted in Fig. 
385 as a function of frequency with thè Constant collector current -le as 
parameter. At a frequency of 100 kc/s this capacitance is 60 pF at a Con¬ 
stant collector current of 1 mA and 20 pF at a Constant collector current 
of 0.25 mA. At a frequency of 5 Mc/s these values are 54 pF and 20 pF 
respectively. 

Fig. 385 shows that at a low value of thè Constant collector current thè 
output capacitance c oeq is practically independent of thè frequency. At 
higher values of this current thè capacitance decreases at higher frequencies. 
The detuning caused by this capacitance if thè transistor load consists of 
a tuned Circuit is thus practically independent of thè frequency of thè input 
signal, provided that thè transistor is adjusted to a very low value of 
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Feedback 

The feedback in thè transist or canberepresentedby a resistance r^q connected 
in series with a capacitance c fe q (see Fig. 386). Part of thè output power is 
conveyed back to thè input of thè transistor via this circuit. The internai 
feedback depends on thè values of r re q and c re q. 

The influence of thè frequency on r req 

Fig. 387 represents thè relationship between thè frequency and thè value 
of JYeq for various values of thè collector current and shows that r req de- 
creases with increasing frequency. At a collector current of -le = 0.5 mA for 
example, r^q will be approximately 7 ki? at a frequency of 100 kc/s, and 
approximately 4.5 kI2 at a frequency of 200 kc/s. At higher values of thè 
frequency thè curves run almost horizontally, showing that r req does not 
drop any further. The graph also shows that thè drop in r re q at relatively 
low frequencies increases with increasing value of thè collector current. 

The influence of thè frequency on q 

It can be shown that thè value of c req is independent of thè frequency. The 
expression given at thè end of this chapter shows that c req is determined 
exclusively by g be , g bb ' 9 g b c and c be . It must not be forgotten, however, 
that thè impedance which c re q represents for r.f. signals is inversely propor- 
tional to thè frequency, as we see from thè following equation. 

Z cr — l/ctfC r eq* 

As is shown in thè following section, in order to neutralize thè transistor 
we require to know thè values of r req and of c re q. The value of R z can be 
read from thè graph of Fig. 387. 




r re q c req 



Fig. 386 
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33.5. Neutralization 

From thè circuit of Fig. 388 we see that part of thè voltage across thè equi- 
valent output impedance r oe q is returned to thè equivalent input impedance 
r^eq of thè transistor by its internai feedback, which we have represented 
by thè impedance Z r . 

This effect can be cancelled out (neutralized) by simultaneously conveying 
to thè input of thè transistor a voltage of thè sanie amplitude but of opposite 
phase as thè feedback voltage. The principal of this form of neutralization 
of thè transistor is represented in Fig. 389. The output voltage is present 
across thè terminals of coil L x (thè primary of a transformer) which is 
connected across thè output of thè transistor. Part of this voltage is returned 
via R r C r to thè terminals of r ìe q. 

Across thè secondary of this transformer (L^) there is a voltage of opposite 
phase to thè primary voltage; thè amplitude of this voltage is determined 
by thè transformation ratio between L% anc * 

n = VlJVlz, 

where Vli represents thè voltage across thè primary and Vi^ that across 
thè secondary. If n = 1 thè voltage across Lg thus be equal to, but of 
opposite phase to that across L x but in phase opposition to thè latter. 

In order to compensate thè voltage which is fed back to thè input via thè 
circuit R r C r , all that is necessary is to connect L 2 to thè input of thè tran¬ 
sistor via a resistance R = R r in series with a capacitance C = C r . If thè 
transformation ratio n is not equal to 1, for example n = 5, thè voltage 
available across thè terminals of L^ will only be l/5th of thè voltage across 
thè terminals of L v In order to supply thè input of thè transistor with a 
voltage of thè same amplitude as that which must be ascribed to thè circuit 
RrC r ,, we must now reduce R to R r jn = RJ5 and increase C to nC r = 5 C r . 
Whatever thè value of n 9 neutralization will have to be carried out by 
applying a resistance in series with a capacitance, thè value of thè resistance 
being given by R = R r jn and that of thè capacitance by C = nC r . 
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33-6. Maximum power gain 

If thè internai feedback is eancelled out by neutralization we can calculate 
thè maximum value of thè power gain of a transistor in an r.f. Circuit. 
To do this, we shall start from thè equivalent circuit of Fig. 390. The values 
of r ieq , c ie q, r 0 e q, c oe q and Y n can be determined for each value of thè 
frequency of thè input signal. The quantities c ie q and c oQq represent thè 
purely capacitive effect of thè input and output of thè transistor respectively. 
These quantities only affect thè tuning of thè input and output circuits. 
In order to determine thè input power and thè available output power we 
only have to take account of thè quantities r ie q and r oeq . The maximum 
power gain is obtained when thè load impedance Rl is equal to r oeq . Fig. 
391 represents thè equivalent circuit for this special case. 

The power gain is given by thè quotient of thè power available at thè output 
and thè power conveyed to thè input: 

Gp = PJP* 

In Fig. 392 this maximum power gain is plotted as a function of thè fre¬ 
quency of thè input signal. We see from this graph that thè maximum 
power gain of a transistor rapidly decreases with increasing frequency, 
once thè latter has exceeded a certain value. 

At a frequency of 100 kc/s (point A) thè gain is 43 dB, as also at a frequency 
of 500 kc/s (point B); at a frequency of 1 Mc/s thè gain is stili 40 dB (point 
C), but at a frequency of 5 Mc/s it has dropped to 20 dB (point D). The shape 
of this curve must be taken into account in designing an r.f. amplifier. 


- 402 - 











33.7. The effect of thè dependence of thè transistor parameters 
on current, voltage and frequency 
Knowing that thè transistor parameters depend on thè current, voltage 
and frequency as just described, we can investigate thè behaviour of a tran¬ 
sistor for all r.f. application. In this field of application thè transistor can 
be used as a wide-band amplifier, as a selective amplifier for a narrow 
band (i.f. amplifier) or as an amplifier for thè normal r.f. range (in r.f. 
stages & mixer stages). We will now examine thè influence of thè transistor 
input and output for each of these application. 

Amplifier for a wide frequency band 

An amplifier for a wide frequency band will have a low load impedance 
so that there is no need to apply neutralization. 

The influence of thè transistor input 

The input capacitance of thè transistor will exercise a very strong influence 
on thè behaviour of thè input circuit in relation to thè input signal. The 
curves of Fig. 393 show that thè lower thè value of -le to which thè tran¬ 
sistor is adjusted, thè less will this capacitance depend on thè frequency. 

The influence of thè transistor output 

As thè output impedance of thè tranistor will always be made considerably 
higher than thè load impedance, thè damping of thè latter by thè output 
impedance can usually be neglected. The load impedance will usually be of 
thè order of 1 ki3, while thè output impedance will be of thè order of some 
tens of kf2. The variations of thè output capacitance, which is in fact relatively 
low, may usually be neglected. 
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Selective amplifier for a narrow frequency band 
In a selective amplifier thè load impedance will normally have a high value, 
being approximately equal to thè output impedance of thè transistor, so 
that neutralization has to be applied. As a rule thè load impedance will 
consist of a tuned circuit, while in most cases thè input Circuit will be 
aperiodic; at a frequency of 450 kc/s for example, thè relatively low value 
of thè input impedance of thè transistor (of thè order of 1 kQ) would damp 
a tuned input circuit to an unacceptable extent, unless thè transistor was 
connected to a tap on thè latter. The influence of thè frequency on thè 
various transistor parameters need not be considered here since thè amplifier 
always Works at a given frequency, i.e. thè intermediate frequency of thè 
receiver. 

The influence of thè transistor input 

At thè input of thè amplifier we can distinguish a reai component and an 
imaginary component, r ie q and c ie q respectively in Figs. 394 and 395. The 
reai compoi^nt is responsible for thè damping which thè transistor input 
exercises on thè input circuit, and thè imaginary component is responsible 
for thè detuning of thè input circuit. If thè input circuit is not tuned thè 
influence of thè transistor input capacitance can be left out of consideration. 

The input impedance is thus thè principal factor involved here; by deter- 
mining this, it is possible to select thè optimum|matching, that is, with thè 
impedance of thè input circuit being equal or practically equal to thè tran¬ 
sistor input impedance. 
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The influence of thè transistor output 

The transistor output impedance is usually lower than thè impedance of 
thè output circuit. In order to prevent thè transistor output impedance 
having too great a damping effect on thè output circuit, it is usuai to employ 
a transformer with a tapping on thè primary as indicated in Fig. 396. In 
this way, thè impedance of that part of thè output circuit which now con- 
stitutes thè transistor load can be made practically equal to thè transistor 
impedance. The damping resulting from this output impedance will thus 
be relatively slight. For a given value of -le thè detuning caused by thè 
transistor output capacitance can be read from thè curve q = /(-/c) 
on page 379. 

R.F. amplifier for a wide frequency band 

If a transistor is used in an r.f. amplifier or thè mixer stage of a radio re- 
ceiver it will be required to give thè most Constant amplification possible 
over a fairly wide frequency range. It is therefore very important to take 
into account thè influence of thè frequency of thè input signal on thè various 
transistor parameters. 

The influence of thè transistor input 

The maximum gain is obtained when thè impedance of thè input circuit 
is equal to thè input impedance of thè transistor. However, as thè latter 
varies with thè frequency according to thè characteristic curves shown in 
Fig. 397, matched drive will only be possible for one given frequency. 
Nevertheless, if thè Constant collector current -le is made sufficiently low, 
thè value of r ieq will only vary slightly, so that thè resulting amplification 
will remain Constant within narrow limits. At a low value of thè Constant 
collector current, thè influence of thè frequency on thè input capacitance 
can be completely neglected. 
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The influence of thè transistor output 

The output impedance of thè transistor decreases with increasing frequency 
as shown in Fig. 398, and since this impedance is connected in parallel 
across thè output circuit thè damping which it produces will increase with 
thè frequency of thè signal to be amplified. The lower thè value of thè 
collector current to which thè transistor is adjusted, thè smaller will this 
damping be. From Fig. 399, in which thè output capacitance c oea is plotted 
as a function of thè frequency with -I c as parameter, we see that this 
capacitance remains practically Constant, whatever thè frequency of thè 
input signal, provided that thè Constant collector current is less than 1 mA. 
The damping of thè input and output circuits finds expression in thè curve 
which represents thè power gain as a function of thè frequency (see page 403). 

Feedback 

In a selective amplifier thè feedback between thè output and input of thè 
transistor stage may be left out of consideration if it has been neutralized. 
In thè equivalent circuit diagrams thè feedback is represented by a resist¬ 
ale r^ in series with a capacitance c re q. Now Fig. 400 shows that this 
resistance r re q decreases with increasing frequency. If r re q decreases, thè feed¬ 
back from thè output circuit to thè input circuit will increase, and will 
therefore change thè power gain of thè stage. In order to limit this change 
to thè minimum, thè Constant collector current must be adjusted to thè 
lowest possible value. 
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The curve which represents thè influence of thè collector-emitter voltage on 
thè base-collector capacìtance c b ' e (Fig. 401), shows that this capacit¬ 
ami increasesas thè collector-emitter voltage decreases. If there is a decrease 
in thè voltage of thè battery supplying thè receiver, c b '„ may increase to 
such an extent that thè neutralization becomes insufficient. In this case a 
capacitive feedback may develop between thè output and input of thè trans¬ 
istor stage and may even lead to oscillation. 

The influence of thè frequency on thè optimum matching 
Fig. 402 is thè equivalent Circuit of an r.f. amplifier stage employing an 
OC 44 transistor. The influence of thè frequency on thè input impedance 
of thè transistor was discussed on page 390. At a frequency of 500 kc/s 
this impedance r i6 q is approximately 4.5 ki2 and at 1.5 Mc/s its value 
is about 1.5 k Q. The influence of thè frequency on thè output impedance 
was discussed on page 394; at a frequency of 500 kc/s this impedance is 
about 40 kQ and at 1.5 Mc/s approximately 18 kQ. 

The load of this stage consists of thè input impedance of thè following 
stage, in this case thè mixer stage. Suppose that thè same type of transistor 
(OC 44) is used in thè mixer stage, adjusted to a collector current of 0.3 
mA. At a frequency of 500 kc/s its input impedance will be about 7.5 kQ. 
At 500 kc/s thè two stages will be matched if thè transformation ratio n 
(see Fig. 402), is: 

n = V'ZJZ'i = V4Ó773CS2 2.3. 

At a frequency of 1.5 Mc/s thè transformation ratio required for correct 
matching will be: 

n = VZjT* = £52 2.23. 

This shows that thè reduction of thè output impedance of thè first stage 
and of thè input impedance of thè second stage which occur with increasing 
frequency, will have little afiect on thè optimum matching. If thè frequency 
increases from 500 kc/s to 1.5 Mc/s, thè transformation ratio for optimum 
matching only decreases from 2.3 to 2.23 (see Fig. 403). 
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33.8. Expressions for thè Circuit elements occurring in thè 
equivalent circuit diagrams 

A transistor can be represented by thè equivalent circuit of Fig. 404. In 
this chapter however, in our investigation of thè influence of thè frequency 
on thè behaviour of a transistor, we have employed thè circuit of Fig. 404, 
which includes thè following circuit elements: 

r ieq> r oeq> c <eq> C„ e q, y m , T r eq and C^q. 

It may be of interest to express these elements in terms of thè various tran¬ 
sistor parameters and of thè frequency. 
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CHAPTER 34 


Possible Circuit configurations for transistore 

If a transistor (see Fig. 406) is used in an amplification stage it can be re- 
presented as forming part of an input Circuit on one hand and of an output 
Circuit on thè other hand (Fig. 407). In this figure thè input and output 
circuits have thè point B in common. One of thè transistor eiectrodes is 
connected to this point and thus forms thè common point of thè input 
and output circuits. 

The transistor can be connected in three ways: 

In thè common emitter configuration. 

In thè common base configuration. 

In thè common collector configuration. 

The parameters by means of which thè operation of thè transistor can be 
described differ according to thè configuration which is employed. A closer 
examination of thè problem enables us to follow thè variations of these 
parameters, and from them to draw conclusions conceming thè possible 
applications of thè different configurations. 

The common emitter configuration is by far thè most frequently used; we 
shall see that this configuration does in fact offer two important advantages 
over thè two other configurations, namely: 

A much greater power gain. 

The smaliest possible difference between thè input and output im- 
pedances, which simplifies thè application of this Circuit. 

The transistor manufacturer publishes characteristics for thè common base 
configuration and for thè common emitter configuration. It is also possible 
to define thè operation of thè transistor in thè common collector configu¬ 
ration. 
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CHAPTER 35 


The common-emitter configuratimi 

When a transistor is used in common emitter (Fig. 408), thè generator is 
connected in thè input circuit between thè base and thè emitter, and thè 
output Rl is connected in thè output circuit between thè collector and 
emitter of thè transistor. The input and output circuits thus have thè emitter 
in common. 

In thè equivalent circuit of Fig. 409, we see that thè signal to be amplifìed 
is applied between thè base and thè emitter, while thè output signal is 
taken off between thè collector and thè emitter. 

The operation of a transistor is determined by thè three following important 
factors: 

The current gain of thè stage. 

The input impedance and its variations. 

The output impedance and its variations. 

35.1. Power gain 

The power gain is given by thè quotient of thè power available at thè output 
and thè power conveyed to thè input: 

Gp - PJP* 

As was shown on page 330, thè power gain equals thè product of thè voltage 
gain and thè current gain. The voltage gain is equal to thè quotient of thè 
output voltage and thè input voltage, and thè current gain equals thè quotient 
of thè output current and thè input current. 

Voltage gain 

The voltage gain is given by thè voltage across thè load impedance 
and thè voltage v g supplied by thè generator. In common emitter thè voltage 
gain is always greater than one and is sometimes very large. The voltage 
gain which is obtained depends on thè value of thè load resistance Rl . 
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The influence of Rl on thè voltage gain is represented graphically in Fig. 
410. This curve has already been discussed in detail on page 333. In common 
emitter thè voltage gain is found to increase with thè value of Ri. For 
example, it is 50 at Rl = 1 ki2 (point A\ 400 at Rl = 10 kO (point B), 
1000 at R l = 100 kfì (point C), and 1200 at R L = 1 M Q (point D). 

In practice thè voltage gain of a transistor in common emitter with a high 
value of Ri will He between 500 and 1.000. 

Current gain 

The current gain is given by thè quotient of thè output current and thè 
input current. As we see from Fig. 411, thè output current is equal to thè 
collector current i c , while thè input current in common emitter is equal 
to thè base current. Since this collector current is always greater than thè 
base current, thè current gain of a transistor in common emitter will also 
always be greater than one. 

The size of thè current gain depends above all upon thè value of thè load 
resistance Ri in thè output circuit. In Fig. 412 thè current gain is plotted 
as a function of Rl; this curve has already been discussed on page 334. 
For example, thè current gain is 

40 at Ri « 1 kO (point E% 25 at R L = 10 kfì (point JF), 5 at Ri = 
100 kfì (point G) and 0.8 at Ri = 1 M Q (point H). 

In practice, thè current gain of a transistor in common emitter will usually 
He between 40 and 100 if Ri has a low value. 
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Conclusion 

If thè current gain and thè voltage gain are known for a given value of 
thè load resistance, thè power gain can be calculated from thè product of 
these two values. 

Gp = GvGa- 

From thè curves representing thè voltage gain and thè current gain as 
functions of Rl, it is possible to calculate thè form of thè curve representing 
thè power gain as a function of R L (see Fig. 413). At R L = 1 kQ thè voltage 
gain is 50 (point A) and thè current gain is 40 (point E) so that thè power 
gain is: 

Gp — GvGa = 50 x 40 = 2000 = 33.0 dB (point /). 

At Rl =10 k Q thè voltage gain is 400 (point B) and thè current gain is 
25 (point F), so that thè power gain is: 

Gp = GvGa = 400 x 25 — 10 000 — 40 dB (point K ). 

In thè same way for R l = 100 kQ, we find that G v = 1000 (point C) 

and Ga = 5 (point G), so that: 

Gp = GvGa ~ 1000 x 5 = 5 000 = 37 dB (point L ). 

At R l = 1 M Q, we have G v = 1 200 (point D) and G A = 1 (point H ), 
so that: 

Gp = GvGa = 1 200 X 1 = 1 200 = 30.8 dB (point M). 

The curve obtained in this way shows that thè power gain is a maximum 
whenthe load impedance is equal to thè output impedance of thè transistor; 
in thè case under consideration this is at 

Rl = h 0 = 20 k Q. 

In all practical applications a transistor in common emitter will have a 
current gain and a voltage gain both greater than 1. The power gain, thè 
product of these two quantities, can thus reach a very high value. 
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Fig. 414 
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35.2. The influence of thè load impedance on thè input im- 
pedance of thè transistor 

The influence of thè collector current on thè input impedance of a transistor 
has already been discussed. This impedance also varies with thè value of 
thè load impedance. In order to plot thè input impedance as a function 
of thè load impedance we must keep thè collector-emitter voltage -Ve e 
and thè collector current -le Constant. 

The curve h f = f(R£) obtained in this way is given in Fig. 414, which shows 
that thè input impedance decreases slightly as thè load impedance Rl 
increases. At Rl = 1 ki2 thè input impedance of thè transistor in question 
(OC 71) was 2.1 k £2 (point A\ at Rl = 10 k£2 this impedance was 1900 £2 
(point B\ at Rl = 100 k£2 it was 1.4 kO (point C) and at Rl = 1 M £2 it 
has dropped to 1.1 k Q (point D). These measurements were carried out 
at - Vce = 2 V and -le = 0.5 mA. Such curves can also be obtained for 
other values of thè collector current, and it is found that for increasing 
values of -le thè curve shifts in thè direction of thè abscissa. 

The average value of thè input impedance of a transistor in common emitter 
is of thè order of 1 k Q at -le = 2 mA. It is particularly important to know 
this value in order to obtain an insight into thè difference between thè 
output impedance and thè input impedance of a transistor; thè smaller 
this difference is, thè easier it is to obtain good matching between two 
transistors connected in thè same configuration. 
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35.3. The influence of thè generator impedance on thè output 
impedance of thè transistor 

The output impedance of a transistor decreases with increasing collector 
current but is also dependent on thè generator impedance. In this case too, 
thè collector-emitter voltage -Vce and thè collector current -le must be 
kept Constant when we plot thè curve representing thè relationship between 
thè generator impedance R g and thè output impedance of thè transistor. 

Fig. 415 represents thè curve obtained in this way. We see that thè output 
impedance only decreases slightly when thè generator impedance increases. 
For example, at R g = 10 Q thè output impedance is h 0 = 22 k Q (point 
A ), at R g — 100 Q thè value is h 0 = 20 k£? (point B\ at R g = 1 ki2 it is 
h 0 = 16 k£2 (point C), and at R g = 10 ki2 we have h 0 = 14 k£? (point 
D). Thus we see that a change in thè generator impedance in thè ratio of 
1 to 1,000, that is from 10 Q to 10 k Q, results in thè output impedance 
changing in thè ratio of 1 to 0.6, i.e. from 22 k Q to 14 ki2. 

The curve of Fig. 415 applies to a Constant collector current -le of 2 mA; 
at a higher value of this current thè output impedance of a transistor de¬ 
creases, corresponding to a shift of thè curve in thè direction of thè abscissa. 

At a Constant collector current of -le = 2 mA thè input impedance of 
thè transistor is found to be of thè order of 1 kI2, while thè output impedance 
is of thè order of 16 k Q. The difference between thè output impedance 
and thè input impedance of a transistor in common emitter is thus relatively 
small. Good matching is easy to achieve; with transformer coupling, thè 
required turns ratio is given by n = (hjh^. 
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Fig. 417 



Fig. 418 
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CHARTER 36 


The common-base configuration 

In thè common-base configuration thè generator is connected between thè 
base and thè emitter of thè transistor, while thè signal is taken off across 
thè load impedance between thè collector and thè base (see Fig. 416). This 
corresponds to thè equivalent Circuit of Fig. 417, in which thè input Circuit 
is connected between thè emitter and thè base, and thè output Circuit 
between thè collector and thè base. The input and output circuits thus 
have thè base in common. As for thè previous Circuit, we shall discuss thè 
influence of thè load impedance on thè power gain, and that of thè load 
impedance and of thè generator impedance on thè input impedance and 
thè output impedance of thè transistor respectively. 

36.1. Power gain 

In this case too, thè power gain of thè circuit equals thè product of thè 
voltage gain and thè current gain of thè stage: 

Gp = GvGa• 

In this expression thè voltage gain is given once more by thè quotient of 
thè output voltage and thè input voltage, while thè current gain is given 
by thè quotient of thè output current and thè input current (see Fig. 418). 

Voltage gain 

The voltage gain is given by thè quotient of thè voltage Vrl across thè 
load impedance and thè voltage v g delivered by thè generator according 
to thè expression: 

Gv = Vjv g = VRL/Vg . 

In thè common base configuration thè voltage gain is always greater than 
1 and is sometimes very large; this voltage gain is practically thè same as 
thè gain attained in common emitter. 
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The voltage gain depends on thè load impedance Rl, as will be seen from 
thè curve in Fig. 419. At R L = 1 LO we have Gy — 40 (point A ), at R L 
= 10 kO thè value is Gy = 380 (point B) at Rl = 100 kO it is Gy — 950 
(point C) and at Rl — 1 MO thè value is Gy — 1150 (point Z>). 

The voltage gain thus increases with thè load impedance and thè increase 
proves to be very considerable in thè range between a few kilohms and 
100 kilohms. At low values of Rl thè voltage gain approaches a minimum 
value, while at very high values of Rl it approaches a maximum value. 
In common base thè voltage gain will usually be between 500 and 1,000. 

Current gain 

The current gain is determined by thè ratio of thè output current to thè 
input current. From Fig. 420 we see that thè output current corresponds 
to thè collector current of thè transistor and thè input current corresponds 
to thè emitter current. 

The relationship between thè collector current and thè emitter current is 
given by: 

le — le 4* 

from which it follows that thè collector current is 
le Ie ^b* 

The collector current is thus smaller than thè emitter current. This means 
that thè output current of a transistor in common base will be smaller than 
thè input current, so that thè current gain will always be less than 1. 
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The current gain of a transistor in common base is dependent on thè load 
impedance. The influence of this impedance Rl on thè current gain Ga 
is represented graphically in Fig. 421. 

At Rl = 1 k£? we have Ga = 0.95 (point £), at Rl = 10 k£? thè value 
of thè current gain is Ga = 0.92 (point F ), at Rl = 100 k£? it is Ga = 
0.8 (point G), and at Rl = 1 M Q thè value is Ga = 0.4 (point H). 

The current gain of a transistor in common base thus decreases at thè load 
impedance increases; in thè range between Rl = 1 k*Q and Rl = 100 lcQ 
thè influence of thè load impedance is only slight, but it increases sharply 
in thè range between Rl = 100 ki2 and Rl = 1 M Q. The current gain 
will always be less than 1, whatever thè value of thè load impedance. 

Conclusion 

As already mentioned, thè power gain is given by thè produci of thè 
voltage gain Gv and thè current gain Ga- With thè aid of these curves, 
which show thè voltage and current gains as functions of thè load impedance, 
we can determine thè power gain for various values of thè load impedance. 

The voltage gain of a transistor in common base is practically equal to 
that of a transistor in common emitter, but thè current gain is always much 
lower (always less than one). The power gain of a transistor in thè former 
configuration is smaller than thè gain which can be obtained in common 
emitter. 
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The voltage gain Gv is shown as a function of Rl in Fig. 422 and thè current 
gain Ga is given as a function of thè same quantity in Fig. 423. The power 
gain of thè transistor, as obtained from these two curves, is plotted in 
Fig. 424 as a function of Rl. At R L = 1 k£? we have G v = 80 (point A) 
and Ga = 0.95 (point E), from which follows thè power gain: 

Gp = G v G a = 80 X 0.95 = 76 = 18.8 dB (point J). 

At Rl = 10 k£? thè corresponding values are Gv = 400 (point E) and Ga 
= 0.92 (point F), from which it follows that thè power gain is: 

Gp = G v G a = 400 x 0.92 = 368 = 25.7 dB (point K ). 

At Rl = 100 kQ we have Gv — 950 (point C) and Ga = 0.8 (point G), 
from which thè power gain is: 

Gp = G v G a = 950 x 0.8 = 760 = 28.8 dB (point L). 

At Rl = 1 M-0 thè values are Gv = 1150 (point D) and Ga — 0.4 (point 
H), from which it follows that thè power gain is: 

Gp = GvGa = 1150 x 0.4 = 460 = 26.6 dB (point M). 

The curve obtained in this way shows that thè power gain is a maximum 
at J?l£s 2 180 k Q. The output impedance of a transistor in common base 
is of thè order of several hundred kilohms. 

At lower values of thè load impedance Rl thè power gain drops rapidly, 
but at higher values of this impedance thè decrease is less rapid. 
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36.2. The influence of thè load impedance on thè input im- 
pedance of thè transistor 

The input impedance of a transistor in common base decreases as thè 
collector current increases. lt is also important to know thè influence of thè 
load impedance on this input impedance. This relationship is plotted in 
Fig. 425 for Constant values of thè collector- emitter voltage -Ve e and 
collector current -Ic> At Rl = 1 k£? thè input impedance h* equals 25 Q 
(point A ), at Rl = 10 k Q it is h* = 50 fì (point at Rl — 100 ki2 we 
have h* — 80 Q (point C) and at Rl = 1 thè value is h* = 300 Q 
(point D). 

We see from this that thè input impedance increases rapidly at high values 
of thè load impedance (of thè order of megohms). Curves of this type can 
be plotted for various values of thè collector current. The curve of Fig. 
425 refers to a collector current -le of 2 mA; at higher values of thè col¬ 
lector current thè curve shifts in thè direction of thè abscissa. The input 
impedance is noticeably lower than in common emitter, and will usually be 
about 50 Q. 
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36.3. The influence of thè generator impedance on thè output 
impedance of thè transistor 

The output impedance of a transistor in common base decreases as thè 
collector current increases. It is also important to know thè influence of 
thè generator impedance on thè output impedance. Fig. 426 shows thè 
output impedance h 0 plotted as a function of thè generator impedance R g . 
At R g ~ 10 Sì we have h 0 — 50 kSì (point A), at R g = 100 Sì thè corres- 
ponding value is h 0 = 125 (point B) at R g = 1 kSì it is h 0 = 400 k Sì 
(point C) and at R g = 10 k£ì we have h 0 = 600 kSì (point D). This curve 
shows that thè output impedance increases rapidly with increasing generator 
impedance; in particular h 0 increases very rapidly in thè range between 
R g = 100 Sì and R g = 3 k Sì, i.e. from approximately 125 kQ to 550 k Sì. 
At low and very high values of R g thè influence of thè generator impedance 
on thè output impedance of thè transistor is much less. 

It is also possible to plot thè relationship between R g and h 0 for other 
values of thè collector current than -le = 2 mA; it is found that thè curve 
of Fig. 426 then shifts in thè direction of thè abscissa. 

The output impedance of a transistor in common base will usually be of 
thè order of several hundred kilohms. As thè input impedance, by contrast, 
is only about 50 Sì, it is diflìcult to match two amplifier stages in which 
thè transistors are in common base; thè output impedance of thè first 
stage and thè input impedance of thè second stage are too far apart. 
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CHAPTER 37 


The common-collector configuration 

In this case thè generator which drives thè transistor is connected between 
thè base and thè collector, while thè load impedance across which thè output 
signal appears is connected in series with thè emitter (see Fig. 427). This 
corresponds to thè equivalent Circuit of Fig. 428, in which thè input signal 
is applied between thè base and thè collector, while thè output signal is 
taken off across thè emitter and collector. The input and output circuits 
thus have thè collector in common. 

As in thè previous circuits we shall investigate thè influence of thè load 
impedance on thè power gain, and also thè influence of thè load impedance 
and thè generator impedance on thè input and output impedances of thè 
transistor. 

37.1. Power gain 

In this case too thè power gain is equal to thè product of thè voltage gain 
and thè current gain. The voltage gain is once more equal to thè ratio 
of thè output voltage to thè input voltage, while thè current gain is given 
by thè ratio of thè output current to thè input current. 

Voltage gain 

The voltage gain is equal to thè quotient of thè voltage produced across 
thè resistance in series with thè emitter (vr e ) and thè generator voltage v g : 

Gv = vjv t = vr e /v 0 . 

The voltage gain of a transistor in common collector will always be very 
dose to 1 and depends on thè value of thè resistance Re in thè emitter 
Circuit. In Fig. 429, thè relationship between Re and Gv is plotted for 
Constant values of -Vce and -/c. 
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At Re = 1 k£? we have Gy = 0.97 (point A), at R E — 10 kD thè corre- 
sponding value is Gy = 0.99 (point B) y at R E = 100 kfi thè value of GV 
is approximately 1 (point C) as also at Re = 1 (point Z>). 

The voltage gain thus increases extremely slowly with thè value of thè load 
impedance in thè emitter circuit; at high values of Re thè voltage gain is 
practically Constant and approximately equal to 1. 

Current gain 

The current gain is given by thè quotient of thè output current and thè 
input current. From thè equivalent circuit of Fig. 430 we see that thè output 
current is equal to thè emitter current, while thè input current corresponds 
to thè base current. 

Now thè emitter current is equal to thè sum of thè collector current and 
thè base current, and since thè latter may be neglected in relationship to 
thè collector current, thè current gain of a transistor in common collector 
may be represented by: 

This current gain is slightly greater than thè value which can be obtained 
with a transistor in common emitter. (Ga = iJh)- I n cpntrast to a tran¬ 
sistor in common base, a transistor in common collector does not give any 
voltage gain, but a very considerable current gain. (Practically equal to thè 
current gain obtained in thè common emitter configuration). 
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The current gain of a transistor in common collector depends on thè value 
of thè resistance Re which is included in thè emitter circuit. The current 
gain Ga is piotted as a function of Re in Fig. 431. At Re = 1 thè current 
gain is 41 (point E\ at Re = 10 k Q it is 26 (point F) at Re = 100 ki2 thè 
value is stili 5.4 (point G) and at Re = 1 M£ thè current gain has dropped 
to about 1 (point H). The current gain of a transistor in common collector thus 
decreases rapidly as thè load impedance increases, and particularly in thè 
region between Re = 1 ki2 and Re = 100 kfì. The curve representing 
thè current gain of a transistor in common collector as a function of thè 
load impedance is practically identical with thè one relating to thè common 
emitter configuration. 

Conclusioni 

In this case too thè power gain is given by thè product of thè voltage gain 
and thè current gain. Once more, we can determme thè influence of thè 
load impedance on thè power gain with thè aid of thè curves which we 
have just discussed. Since thè current gain of a transistor in common col¬ 
lector is practically equal to that obtained in common emitter, but thè voltage 
gain is always much less, thè power gain of a transistor in common col¬ 
lector will always be much less than thè value obtained with a transistor 
in common emitter. 
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In order to determine thè power gain of a transistor in common collector, 
thè curves Gy = /{Re) and Ga = /{Re) are given once more in Figs. 
432 and 433. The resulting power gain Gp is plotted in Fig. 434 as a function 
of thè load impedance Re* At Re = 1 ki2 we have Gy = 0.97 (point A) 
and Ga — 41 (point £), from which it follows that thè power gain is : 

Gp = GvGa — 0.97 x 41 = 40 = 16.2 dB (point /). 

At Re = 10 ki2 thè corresponding values are Gy — 0.99 (point B) and 
Ga = 26 (point E) from which thè power gain follows as: 

Gp = G v G a = 0.99 x 26 = 26 = 14.5 dB (point K). 

At Re =100 kD we have Gy = 1 (point C) and Ga — 5.4 (point G), from 
which follows: 

Gp = GvGa = 1 X 5.4 = 5.4 = 7.4 dB (point L). 

At = 1 Mi? thè corresponding values are Gy = 1 (point i?) and 
= 1.0 (point if), from which thè power gain is: 

Gp = GvGa = 1 X 1.0 — 1.0 — 0 dB (point M). 

The curve of Fig. 434 indicates that thè maximum power gain is obtained 
with a load impedance less than 1 k Q. This value of Re corresponds to 
thè output impedance of thè transistor in common collector. At high values 
of Re thè power gain decreases rapidly with increasing resistance, but at 
lower values of Re this quantity only has a slight effect on thè power gain. 


- 446 - 

















Fig. 435 
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37.2. The influence of thè load impedance on thè input im¬ 
pedance of thè transistor 

The input impedance of a transistor in common collector does not only 
decrease as thè collector current increases, but also depends greatly on thè 
load impedance of thè emitter Circuit. The influence of this impedance Re 
on thè input impedance h* is plotted graphically in Fig. 435. This curve 
shows that thè input impedance increases with thè load impedance, 

At Re = 1 kQ thè input impedance is h t - = 42 1 dì (point A), 

at Re — 10 ki2 thè input impedance is h* = 260 k Q (point B ), 

at Re = 100 k Q thè input impedance is h t - = 550 kQ (point C), 

at Re — 1 MQ thè value is li* = 640 k Q (point D). 

The input impedance of a transistor in common collector thus increases 
rapidly asthe load impedance increases from 1 kQ to 100 kQ; at higher values 
of this impedance its influence on thè input impedance of thè transistor is 
not so great, The curve of (Fig. 436) was plotted at a Constant value of 
-Vce and of -I c ; at a higher value of -le thè curve shifts in thè direction 
of thè abscissa. 

In practice thè input impedance of a transistor in common collector will 
be of thè order of several hundred kilohms; this is thè only configurati on 
in which thè input impedance is very much greater than thè output im¬ 
pedance. This characteristic of thè common-emitter configuration offers 
thè possibility of numerous application in radio receivers because thè 
damping which thè transistor exercises on thè previous circuit is very slight. 


- 449 - 



37.3. The influence of thè generator impedance on thè output 
impedance of thè transistor 

The output impedance of a transistor in common collector decreases with 
increasing collector current but also depends on thè generator impedance. 
In Fig. 436 thè output impedance h 0 is plotted as a function of thè generator 
impedance R g for - Vce = 2 V and -le = 2 mA. From this curve we see 
that thè output impedance of thè transistor increases with thè value of thè 
generator impedance. 

At R g = 10 Q thè output impedance is h 9 = 18 Q (point A), 
at R g = 100 Q thè output impedance is h 0 = 20 Q (point B ), 
at R g = 1 kQ thè output impedance is h Q — 40 Q (point C), and 
at R g = 10 kQ thè value is h 0 = 240 Q (point D). 

At values of thè generator impedance lying between 10 Q and 1 le Q thè 
output impedance only increases very slowly, but in thè range between R g 
= 1 ki2 and R g = 10 kQ thè increase is much more rapid. 

At higher values of thè collector current we obtain similar curves, but these 
are situated nearer to thè abscissa. In practice thè output impedance of a 
transistor in grounded collector will be some tens of ohms, i.e. very much 
lower than thè input impedance. 

In thè above considerations we have discussed thè behaviour of thè common 
collector configuration for thè case in which thè input signal is applied 
between thè base and thè collector, and in which thè base thus forms thè 
input electrode. In certain cases however it is also possible to apply thè 
input signal between thè emitter and thè collector, in which case thè emitter 
forms thè input electrode. In this configuration thè input impedance and 
thè output impedance applicable when thè base is thè input electrode become 
interchanged, but thè current gain is practically thè same in both cases. 
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CHAPTER 38 


Comparison of thè various configurations 

We will now compare thè various possible configurations by plotting thè 
curves which we have considered in thè previous chapters in one and thè 
sanie graph. These curves are characteristic for thè operation of thè tran¬ 
sistor and from them we can draw conclusions with regard to thè suitability 
of any given circuit. 

To this end we shall compare thè following five characteristics for thè three 
configurations in successione 

The voltage gain and thè way in which it is influenced by thè load 
impedance. 

The current gain and thè way in which it is influenced by thè load 
impedance. 

The power gain and thè way in which it is influenced by thè load 
impedance. 

The input impedance and thè manner in which it is influenced by 
thè load impedance, (that is, thè collector load in common emitter 
and common base and thè emitter load in thè common collector 
configuration, see Fig. 437). 

The output impedance and thè way in which it is affected by thè 
generator impedance (see Fig. 438). 

In most cases thè principal requirement for an amplifier stage is that it 
should give thè greatest possible power gain. From thè considerations of 
section38.3concemingthe power gain it is possible to say which configuration 
will be thè best for any given purpose. 

The power gain that can be obtained also depends on thè matching between 
two stages, and this is principally determined by thè input and output 
impedances of thè transistore which are used. It is thus very important 
to balance these various factors accurately against each other in order to 
determine how thè maximum power gain can be obtained. 
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38.1. The voltage gain and its dependence on thè load im- 
pedance 

In thè common emitter and common base configurations thè voltage gain 
reaches a high value ; in thè common collector configuration, on thè other 
hand, thè voltage gain is always in thè region of 1. In Fig. 439 thè voltage 
gain for thè various configurations is plotted as a function of thè load 
impedance Rl- The black curve relates to thè common emitter configuration, 
thè green curve to common base, and thè red curve to common collector. 
For common emitter and common base we see that thè voltage gain is 
practically thè same, whatever thè value of Rl- In both cases thè voltage 
gain increases with Rl- 

By contrast, thè voltage gain in thè common collector configuration is very 
small and is practically equal to 1; thè output voltage follows thè input 
voltage and is always slightly less than thè latter, as in thè case of a thermi- 
onic valve connected as a cathode follower. It is this common collector 
configuration which ensures thè most Constant voltage gain if thè load 
impedance connected in series with thè emitter is subject to variation. In 
every case thè voltage gain increases with thè value of thè load impedance, 
but thè latter cannot be increased indefinitely because of thè limits set for 
thè supply voltage and thè Constant collector current. 
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38.5. The output ìmpedance and its dependence on thè 
generator ìmpedance 

The output impedanee of a transìstor in common emitter is several tens 
of kilohms, in common base several hundreds of kiiohms or even about 
1 megohm, and in common collector several tens of ohms, (when thè base 
is uscd as thè input electrode). 

In all three configurations thè output Ìmpedance is dependent on thè gene¬ 
rator Ìmpedance, as we see from Fig. 443 in which this output impedanee 
is plotted against thè generator impedanee. The black curve relates to thè 
common emitter configuratimi, thè green curve to common base and thè 
red curve to common collector. 

In common emitter thè output impedanee of thè transistor decreases slightly 
with increasing generator impedanee, while in thè other two configurations 
thè output impedanee increases with thè generator impedanee. In common 
emitter thè influence of thè generator impedanee on thè transistor output 
impedanee is reiatively slight; in common collector however, this influence 
is faìrly large, particularly at reiatively high values of thè generator im- 
pedance. For example, thè output impedanee at a generator impedanee of 
10 Q is 18 and for a generator impedanee of IO kQ it is 360 Q, so that 
a change of I : 1,000 in thè generator Ìmpedance results in a change of I : 20 
in thè output impedanee. In common base a change of this size in thè gene¬ 
rator impedanee results in thè output impedanee increasing in thè ratio 
I : 12. 
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38A The input impedance and its dependence on thè load 
impedance 

The input impedance of a transistor in common emitter is of thè order of 
I kitohm, in common base it is of thè order of some tens of ohms and 
in common collector of thè order of some hundreds of kiìohms* 

As already explained, thè input impedance depends on thè load impedance* 
In Fig, 442 thè input impedance is plotted as a function of thè load im¬ 
pedance, for all three configurations. The black curve relates to thè common 
emitter confìguration, thè green curve to common base and thè red curve 
to common collector. 

Tn common emitter thè input impedance decreases as thè load impedance 
increases, while in both other configurations thè reverse is true* This effect 
is explained by thè fact that in thè common base and common collector 
configurations thè input and output signals are in phase, as a result of 
which internai feedback occurs. In common emitter on thè other hand, thc 
input and output signals are in phase opposition so that there is no question 
bene of internai feedback* Fig* 442 also shows that thè common collector 
configuration is thè one in which thè input impedance depends most on thè 
load impedance* 
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38.3. The power gain and its dependence on thè load impe¬ 
dance 

In thè common emitter configuration both thè voltage gain and thè current 
gain reach high values, so that thè power gain is also high. In common 
base thè voltage gain is practically equal to thè voltage gain in common 
emitter, but thè current gain is less than one, so that thè power gain in this 
case is mudi smallar. Tn thè common collcctor configuration thè voltage 
gain is approximately eqnal to one; it is trac that thè current gain is slightly 
higher than thè gain obtained in common emitter, but in practice thè power 
gaìn wìll always be less. In Fig. 441 thè power gain in thè three conflgu- 
rations is plotted as a function of thè load impedance R 

Once again thè black curve relates to thè common emitter configuration, 
thè green curve to common base and thè red curve to common collector. 

This graph shows that thè maximum power gain is obtained under thè 
following conditions: 

In common emitter, when thè load impedance has a vaine of ap¬ 
proximately 20 

In common base, when thè load impedance has a value of approxi¬ 
mately 200 kfì. 

In common collector, when thè load impedance in thè emitter Circuit 
is less than 1 ld2. 

In all three circuits thè power gain is a maximum when thè load impedance 
equals thè output impedance of thè transistor. The latter is thus 

20 k Q in common emitter, 

200 k Q in common base, and 

some tens of ohms in common collector, 

A 

The power gain in common emitter is higher than thè values which can 
be obtained in thè other confìgurations whatever thè value of thè load 
impedance. 
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38.2* The current gain and ite dependence on thè load im- 
pedance 

In thè common emitter and common collector configurations thè current 
gain is considerable; in common base on thè other hand, it is always less 
than 1 . In Fig. 440 thè current gain is plotted as a function of thè load in> 
pedance Rl for thè three configurations. The black curve relates to thè 
common emitter configuration, thè green curve to common base and thè 
red curve to common collector, 

The graph shows that thè current gain and its dependence on thè load 
impedancc is practically thè same for common emitter and common coh 
iector. In common base however, thè current gain is always less than 1 and 
thè output current follows thè value of thè input current. In every case 
thè current gain decreases as thè load impedance increases and thè maximum 
current gain is obtained at thè minimum load impedance. It should be 
remembered that thè maximum current gain does not correspond to thè 
maximum power gain; this is because thè former is obtained when thè 
load impedance equals zero and in that case thè voltage gain, and therefore 
thè power gaìn as well, also equals zero. 
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Fig. 443 
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common emitter circuita in cascade 



common base circuita in Cascade 



Ffg, 445 
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38.6. Conclusions 

The common-emitter confìguration ofifers two advantages over thè other 
two configurations: thè power gain which can be obtained is considerably 
greater, and thè difference between thè input impedance and thè output 
impedance of thè transistor is relatively small (h* Oè 1 k£3, h ó io kQ 
to 20 ki2). 

In an amplifìer consisting of a number of transistors in common emitter, 
connected in Cascade, thè coupling element may either be a transformer 
(in order to obtain optimum matching) or an Ci?-coupling (Fig. 444)» 

The power gain obtainable in thè common-base configuratimi is appreciably 
less; in addition thè difference between thè input impedance and thè output 
impedance of thè transistor is very great (h i 50 Q, ££ 200 k Q). If 
it is required to use a number of transistors in common base in an amplifìer, 
these cannot be coup le d by means of a resistance and a capacitane©. The 
efficiency of such an arrangement would be extremely low, so that only 
transformer coupling could be employed (Fig. 445). 

The common-colìector configuration gives a stili lower power gain. The 
input impedance in this case is very high, while thè output impedance is 
low (h i of thè order of severa! hundred kilohms, h^ of thè order of some 
tens of ohms). However, this configuration offers thè advantage of an 
extremely high input impedance. 

In cartain applications in which thè use of thè common emltter confìgu- 
ration would result in too much damping of thè previous Circuit, it can be 
reeommended that a transistor in common collector should be used as an 
intermediate stage, in order to obtain good impedance matching» 
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Appendix 

In addition to thè characteristics wc bave discussed, thè transistor manu- 
factnrer also supplies graphs showing thè influence of thè collector current 
and voltage on thè various h parameters. 

These parameters eorrespond to thè dementa which determine thè electrical 
behaviour of thè transistor under certain conditions and for small signals. 
Our remarks on thè families of curves for -le = f(-Ve e\ -Je — /(-/s) s 
-Ib — /{-Vbe) and -Vbe = f(-VcE% in connection with which we discussed 
thè various electrical characteristics of thè transistor, do in fact refer ex- 
clusively to signals of small amplitude* 

We can also draw a paraìlel between thè various internai resistances of thè 
transìstor, thè current gain, thè internai feedback and thè parameters h ie , 
h 0Èt h /& , and The parameters follow from thè families of curves given 
in Fig* 446* The connection with thè h parameters is as follows: 

h te = input tmpedance of thè transistor with output short - circuited: 

this follows from thè -In — f(-V B E) characteristìc, 
ìjh ùt = output impedance of thè transistor with input short-circuited: 

this follows from thè -le = /(-Vce) characteristic. 
h, e — internai feedback of thè transistor with input open-circuited: 
this follows from thè - Vbe = f(-V ce) characteristics. 

Conscquently it is possible to deduce thè parameters as functìons of thè 
collector current and of thè coilector-emitter voltage from thè complete 
families of curves, It is in fact simpler, however, lo base ones considerations 
on thè characteristics and their variations, which are mentioned in thè 
transistor data. 
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Fig. 446 
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Flg* 447 
















The influence of thè collector current on thè h parameters 

In order to be able to represent thè influence of thè collector current on thè 
four h parameters in one graph* we mark out thè ordinate in values of thè 
quantity 0 he* thè ratio of thè vaine of thè given parameter for an arbitary 
collector current to its vaine for a given collector current -le, (In Fig* 
447 thè value of this current is 3 mÀ). In this way, it is possible to use 
a single standard scale for thè ordinate. The manufacturer gives thè value 
of thè various h parameters for -le = 3 mÀ and -Vqe — 2 V. 

For thè OC 71 transistor for example, thè values at - Vce = 2 V* -le — 
3 mÀ and TVmb — 25° C are: 

h ie (input impedance) = 800 £?* 
lfh 0 t (output impedance) — 12,5 k Q. 

K (current gain) = 47. 

h Te (internai feedback) — 5.4 X IO -4 . 

If we now wìsh to know thè value of one of these parameters for a collector 
current other than 3 mA all that is necessary is to consult thè correspondìng 
curve in Fig. 447 and to multìply thè above value by thè ratio 0 for thè 
required value of -le. The following example will illustrate this. 

Suppose that we wish to find thè value of h„ (input impedance with short- 
circuited output) for an OC 71 transistor at a collector-emitter voltage of 
2 V and a collector current of I mA. As given above, thè value of h (i for 
-le — 3 mA is 800 Q. At a collector current of 3 mA thè curve h ie corre- 
sponds to thè value 1 on thè ordinate, and for a collector current of 1 mA 
thè curve gives thè value 2 on thè ordinate, so that 0 — 2/1 =2. This 
means that for a collector current -le = 1 mA, thè parameter li,-, = 2 X 
800 = 1600 Q. 
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The influence of thè collector-emitter voltage on thè h parameters 

À s indiar graph representi ng thè influence of thè collector-emitter voltage 
on thè h parameters is given in Fig. 448, Here too thè ordinate is calibrateci 
in terms of a standard quantity W which represents thè ratio between thè 
vaine of thè parameter in question fot an arbitary collector-emitter voltage 
and its vaine for a given collector-emitter voltage {-Vce — 2 V). This 
graph relates to -la — 3 mÀ. and, as in thè previous case, it can be used 
to flnd thè value of any h parameter for any collector-emitter voltage from 
thè known value of this parameter at -Vce = 2 V. 
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